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PREFACE. 



Steam-boiler practice as here comprehended is con- 
cerned rather with the results obtained than with a detailed 
description of the methods and devices employed to secure 
the economical combustion of fuel in connection with a steam- 
boiler. The design and construction of the boiler, with its 
furnace and accessories, form the subject-matter of other 
works, and, therefore, do not require treatment here. Like- 
wise special methods of operation and devices for increasing 
the efficiency have elsewhere received their share of attention. 
There appears, however, to be a place for a work simple in 
its treatment and reasonably comprehensive in its character, 
which shall deal primarily with effects rather than with 
causes, which shall undertake to indicate the possible gain or 
loss to result from a given arrangement, and shall point the 
way toward securing the highest efficiency in steam-boiler 
practice. Such a work it has been the earnest endeavor to 
here present ; a work neither too abstruse for the practical 
engineer nor too rudimentary for the technical student. 

As an aid to the clearer understanding of its contents, there 
have been presented in the introductory chapters certain re- 
lated principles of pure science, a general discussion of the 
phenomena of combustion and steam generation, and the 
properties of the substances concerned. The avoidable and 
unavoidable losses incident to the combustion of fuel in a 
boiler-furnace have been collectively treated in the chapter on 
Efficiency of Fuels yvith the purpose of so emphasizing the 
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possibilities of increased economy and indicating the relative 
importance of various influences as to give pertinence to the 
chapters which follow. In» connection with the discussion of 
practical results it has been possible to present only brief 
statements as to the conditions under which they were ob- 
tained, but references have been freely given for assistance in 
the further study of the subject. Special attention has been 
given to the matter of draft and its influence upon the eco- 
nomic results, measured both quantitatively and commer- 
cially. In the Appendix will be found the Rules for Con- 
ducting Boiler-trials adopted by the American Society of 
Mechanical Engineers. 

An expression of appreciation is due for the privilege of 
making use in this work of certain portions of the treatise on 
Mechanical Draft compiled by the author for the B. F. Stur- 
tevant Company. 

Watertown, Mass., 
March 4, 1899. 
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CHAPTER I. 
STEAM-BOILER PRACTICE. 

The economic progress in steam-engineering which has 
marked the past quarter-century has been largely the result 
of greater refinement in the design and construction of the 
engine in which the steam is utilized. Future improvement 
along this line is to be sought principally in the increase of 
the steam-pressure and the expansion-ratio. But experi- 
mental results,* which, with a quadruple-expansion engine 
and steam of 500 pounds pressure, have already shown a 
steam-consumption of 9.27 pounds per hour per indicated 
horse-power, and a mechanical efficiency of 86.88 per cent, 
* are indicative of the fact that we are closely approaching the 

maximum practical efficiency. 

Until the recent past, however, the steam generator or 
boiler and the manner of its operation have received far less 
attention than they deserve. Although under the best con- 
ditions over 80 per cent of the full calorific value of the fuel may 
be utilized in the production of steam, yet it is true that this 
high standard is seldom reached in ordinary practice. f 
Hoadley showed an efficiency of nearly 88 per cent in his tests 

* Obtained with Sibley College High-pressure Quadruple -expansion 
Experimental Engine. Trans. Amer. Soc. Mech. Engrs., vol. xviii. 
f Warm-blast Steam-boiler Furnace. J. C. Hoadley. 
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of a warm-blast steam-boiler furnace equipped with air-heaters 
and mechanical draft, while Bryan * has reported eighty-six 
tests conducted under common conditions with ordinary fuel, 
upon boilers of various types, which indicate an average 
efficiency of only 58 per cent, and have a range between a 
* minimum of 34.6 per cent, obtained with a small vertical 
boiler, and a maximum of 81.32 per cent, resulting from the 
test of a water-tube boiler with improved setting. The 
possibilities of increased economy in ordinary boiler-practice 
are thus rendered clearly evident. 

Requisites for Steam-generation. — As ordinarily con- 
sidered, the primary requisites for the generation of steam 
are, the water from which it is transformed, the fuel by whose 
combustion the heat is produced, and the boiler in which the 
water is contained and the steam generated. To these must 
properly be added the air necessary for supporting combus- 
tion, while for economical generation there should also be 
included the means of supplying the air to the fuel, as well as 
the furnace in which it is burned. 

Influence of the Character of these Requisites.— Nothing 
can be more obvious than that the character of these requisites 
must have a marked influence upon the efficiency with which 
steam is generated. 

With a good quality of water and ordinary care, its charac- 
ter has but little effect upon the economic operation of the 
boiler. Such influence as it may exert when of poor quality 
results principally from the deposition of solid particles or the 
formation of scale. The limitation of this work to a discussion 
of boiler-practice in its relation to fuels and their combustion 
obviously excludes a consideration of the influence of the 
character of water. 

Of far greater importance, as a rule, is the composition of 
the fuel and the completeness of its combustion. As an 

* Boiler Efficiency, Capacity, and Smokelessness with Low-grade Fuels. 
Wm. H. Bryan. A paper read before the Engineers* Club of St. Louis, 
Oct. 21, 1896. 
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evaporation of 15.2 pounds of water from and at 212^ is the 
theoretical h'mit of the calorific power of pure carbon, it is 
manifest that even the best coal cannot attain to this result in 
actual practice. In fact eleven pounds may be set as the 
practical limit under the very best conditions. As the quality 
of the fuel becomes lower and the character of the furnace 
inferior, the actual evaporation decreases until boiler-plants 
may be found in which only three or four pounds are being 
evaporated from and at 212° per pound of coal. 

Although the primary purpose of a steam-boiler is to serve 
as a reservoir for water and steam, something more is required 
in the design than mere capacity and strength. In fact the 
boiler has a second and no less important office, namely, to 
utilize to the greatest possible extent the heat generated by 
the combustion of the fuel. Its actual efficiency is dependent 
upon the proportions and upon the arrangement of its surfaces 
for the transmission of the heat from the fire and gases to the 
water within. For this reason the simplicity of the plain 
cylinder-boiler is so far offset by its low efficiency that the 
more economical flue, tubular, and water-tube types have 
become almost universal substitutes. 

Although the air required for supporting combustion is 
everywhere present, its passage to and through the fire in 
sufficient volume is absolutely dependent upon some means 
of draft-production. Upon the effectiveness of the device 
employed for this purpose depends the output, and to a cer- 
tain extent the efficiency of the boiler to which it is applied. 

Viewed as a whole, the efficiency of the fuel and of the 
boiler, including its furnace and means of draft-production, are 
practically interdependent. It is therefore difficult to deter- 
mine in all cases the exact influence of any one of these 
various factors upon the ultimate efficiency. 

Ultimate Efficiency of a Steam-boiler. — While other 
items may enter to affect the ultimate efficiency of a steam- 
boiler, it is fundamentally dependent upon three principal 
factors : 
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1. The primary cost of the entire plant and the fixed 
charges thereon. 

2. The quantitative efficiency of the plant as a means of 
burning the fuel supplied and transferring the heat to the 
water evaporated. 

3. The operating expenses, including the fuel. 

In addition there are always distinct advantages or dis- 
advantages incurred which, while of marked importance, can 
only be measured qualitatively in their relation to the 
superiority of any given method, arrangement, or appliance. 

Primary Cost and Fixed Charges. — Value is not to be 
determined solely by first cost, but depends also upon dura- 
bility and efficiency. The fixed charges are practically estab- 
lished by the rate of deterioration ; for the interest, insurance, 
and taxes are substantially constant. In ordinary practice 
they will aggregate 6 to 7 per cent. But the amount to be 
charged to repairs and depreciation or sinking fund must be 
based upon the endurance of the given device. Evidently 
these items must be greater per year in the case of a device 
which becomes useless at the end of ten years, for instance, 
than in the case of one which proves serviceable for twenty 
years. Compared by twenty-year periods it is manifest that 
a higher first cost would be warranted in the second instance. 
In fact it would undoubtedly be necessary in order to secure 
the increased durability. The influence of the period of 
durability upon the fixed charges and permissible first cost 
is shown approximately by the accompanying Table No. i, 
based upon a first cost of $1000 for a device which would have 
to be entirely renewed at the end of five years. 

In this table the interest on the investment has been taken 
at 5 per cent, the insurance and taxes at ij per cent, and the 
repairs at i\ cent — a total of 8 per cent. Manifestly the 
annual repairs would be proportionately greatest for the period 
of least endurance; but inasmuch as the table is presented 
solely for the purpose of comparison, a fair average has been 
adopted. 
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Table No. 1. 

comparative first costs and fixed charges for different 

periods of endurance. 



Period of 

Endurance 

in Years. 


Annual 

Proportion 

for Fixed 

Cost of $zooo. 


Interest, 
Insurance, 
Taxes, and 

Repairs. 
Z% of First Cost. 


Annual 

Payments to 

Sinking Fund 

earning 4^ 

Interest. 


Total Annnal 
Expense. 


First Cost 
which would 
entail same 
Annual Ex- 
pense as for 

Five-year 
Period. 


5 

10 

15 

20 
25 


$20O.0O 
lOO.OO 

66.67 
50.00 
40.00 


$80.00 
80.00 
80.00 
80.00 
80.00 


$182.79 
81.38 
48.11 

31.87 
22.44 


$462.79 
261.38 

194.78 
161.87 

142.44 


$1000.00 
1771.00 
2376.00 
2859.00 
3242.00 



With established types of boilers and accessories, the 
probable rate of deterioration can be reasonably well deter- 
mined in advance, so that the question becomes one of busi- 
ness judgment as to the wisdom of a given expenditure to 
secure a given result. 

But there is another item besides the durability to be taken 
into account in determining the actual value; namely, the 
efficiency of the specific boiler or appliance. Although this 
efficiency is primarily quantitative, it must be also measured 
commercially, as appears in what follows. 

Quantitative Efficiency. — The proportion of the total 
calorific power of the fuel which is actually utilized for the 
generation of steam is dependent upon the means provided 
for the complete combustion of the fuel, with the minimum 
loss in the ash, and upon the arrangement and extent of the 
heating-surfaces of the boiler and of any supplementary heat- 
abstractor. The result is therefore intimately concerned with 
the design and consequently, to a great extent, with the first 
cost. 

Quantitative efficiency is measured solely by the quantity 
of fuel supplied, as compared with the corresponding quantity 
of steam delivered, regardless of the cost. The results may 
be more or less affected by the perfection of the combustion. 
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the means of supplying the air to the fuel, the amount of 
moisture in the air and the fuel, and by leakage of air and the 
radiation of heat through the settings. 

In a properly designed plant the quantitative efficiency, as 
a rule, and within reasonable limits, increases with the first 
cost. But the attempt to secure higher efficiency may 
evidently be carried so far that the additional expenditure will 
nullify the resulting saving in fuel. 

Thus, for instance, a feed-water economizer capable of 
cooling the escaping gases from 500** to 250** might prove to 
be an excellent investment, while one designed to abstract 
approximately 50 per cent more heat hy cooling the gases to 
125° would cost more in annual charges than it would save in 
the value of the fuel. 

Operating Expenses. — By far the most important of the 
items of operating expense is the cost of the fuel. While 
this expense is closely related to the quantitative efficiency, 
it concerns it only in so far as the quantity of fuel is a measure 
of the cost of securing a given result. Thus a grade of coal 
evaporating 10.5 pounds of water from and at 212® per pound 
of coal, and costing $3.50 per ton, may be less economical 
than one evaporating only 9 pounds and costing $2.25 per ton. 
In the former instance the fuel cost of generating 1000 pounds 
of steam is 16.7 cents, while in the latter it is only 12.5 cents. 
In a 1000 H.P. plant this would represent an annual fuel 
saving of nearly $4500. 

As an offset to the economy thus indicated, the larger 
amount of coal will require more labor in handling and in 
removing the ashes, while special appliances or forms of con- 
struction may have to be introduced in order to secure the 
specified results. 

Summary. — The preceding discussion, while brief, is suffi- 
cient to indicate that in steam-boiler practice many factors 
enter to determine the ultimate efficiency. In the succeeding 
chapters are presented the fundamental principles of economi- 
cal operation, and the results obtained under a great variety 
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of conditions. As far as possible the various influences for 
good or bad have been considered individually, so that they 
can be measured at their true value. It must be observed 
that to a great extent these influences are not cumulative. 
That is to say, decreased first cost of plant and increased fuel- 
efliciency seldom go hand in hand, and it is not possible, as a 
rule, to reduce the amount and cost of the fuel coincidently, 
or to maintain the financial saving secured by means of a 
heat-abstractor, and at the same time reduce the cost of the 
coal. 

Intelligence, experience, and the judgment that is derived 
therefrom must be relied upon to reduce the losses that occur 
in modern steam-boiler practice, and to design, develop, and 
introduce the required means for the attainment of the desired 
results. Wherever these influences are brought to bear 
success is assured, if success is possible. 



^ 



CHAPTER 11. 
WATER AND STEAM. 

In its bountiful presence in nature is to be found the prin- 
cipal reason for the employment of water in boiler and engine 
practice as the medium for absorbing heat during vaporization, 
and of subsequently transforming that heat into work when 
expansion occurs or of releasing it upon condensation. 

Composition. — Pure water, whether solid, liquid, or 
gaseous, is a chemical combination of the two elements 
hydrogen and oxygen in the unalterable proportion of two 
parts, by volume, of the former to one part of the latter. A 
mere mechanical mixture of hydrogen and oxygen remains 
still a mixture until, through the influence of heat, electricity, 
or other special agents, the two chemically combine. If the 
union of the hydrogen and oxygen be effected in an apparatus 
so arranged that the water formed by the combination is kept 
at such a high temperature that it remains in the gaseous con- 
dition, it will be found that the two volumes of hydrogen and 
one volume of oxygen which were mixed together have 
become compacted into two volumes of steam, as the result 
of the chemical union. 

Conversely, two volumes of water in its vaporized or 
gaseous form may, by various methods, be decomposed into 
its constituent elements; namely, two volumes of hydrogen 
and one volume of oxygen. Principal among the methods of 
dissociation is the application of heat. Consequently the 
presence of moisture in fuel may assume considerable impor- 
tance in the ordinary process of combustion in connection 
with steam-boilers. 

8 
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Water in its aeriform condition is to be considered as a 
vapor rather than as a gas, the term ** gas" applying more 
properly to a body which, under ordinary temperature and 
pressure, continually remains in its aeriform state. In its 
vaporous condition water exists in the atmosphere in various 
proportions and under different conditions of atmospheric 
pressure, as indicated in Table No. 3. The slow process by 
which this production of aqueous vapor takes place at the free 
surface of a liquid is generally termed evaporation^ while the 
more rapid production of the vapor throughout the mass is 
commonly designated as boiling. Under either method of 
vaporization the change is merely physical, the constituent 
elements remaining the same in character and proportion; 
namely, two parts of hydrogen and one part of oxygen, by 
volume. 

Weight and Bulk. — Water is universally adopted as the 
standard by which the relative weights of all liquids and solids 
are determined, this relation being expressed by the term 
** specific gravity." The specific gravity of a body, therefore, 
indicates its weight as compared with that of an equal volume 
of pure water. Determinations of specific gravity are gen- 
erally referred to the weight of one cubic foot of water at 
62° F. At the more important temperatures the weights are 
as follows: 

Weight of One Cubic Foot of Pure Water. 

At 32° F. (freezing-point) 62.418 pounds 

** 39. 1 ° F. (maximum density) 62.425 ** 

** 62° F. (standard temperature) 62.355 '* 

** 212° F. (boiling-point under atmospheric 

pressure) 59.640 ** 



For general purposes the weight of water is taken in round 
numbers as 62.5 pounds per cubic foot. The calculated 
weights at temperatures from 32° to 290° are given in Table 
No. 2. 



lO 
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Table No. 2. 
expansion and density of pure water. 



re. 
Fahr. 


'ressure 
perSq. 
nds. 


• 

8 J' 


peratu 
grecs 


>lute I 

Vapor 

Pou 


tivc V 
alter at 


11 


jQ Om 




H 


< 


Ctf 


32- 


0.089 


I. 00000 


35 


O.IOO 


0.99993 


40 


0.122 


0.99989 


45 


0.147 


0.99993 


50 


0.178 


1. 0001 5 


55 


0.214 


1.00038 


60 


0.254 


1.00074 


65 


0.304 


1.00119 


70 


0.360 


I. 00160 


75 


0.427 


1.00239 


80 


0.503 


I . 00299 


85 


0.592 


1.00379 


90 


0.693 


1.00459 


95 


0.809 


1.00554 


100 


0.940 


1.00639 


105 


1.095 


1.00739 


no 


1.267 


1.00889 


"5 


1.462 


1.00989 


120 


1.685 


1.01139 


125 


1.932 


I. 01239 


130 


2.215 


1.01390 



Ml 



I. 00000 
1.00007 

I.OOOII 

1.00007 

0.99985 
0.99961 
o . 99926 
0.99881 

0.99832 

0.99771 

0.99702 
0.99622 

0.99543 
0.99449 

0.99365 

0.99260 

0.99II9 
0.99021 
0.98874 
0.98808 
0.98630 






V 0O4 



62.418 
62.422 
62.425 
62.422 

62.409 

62.394 

62.372 
62.344 

62.313 
62.275 
62.232 
62.182 

62.133 
62.074 
62.022 
61.960 

61.868 

61 . 807 
61.715 
61.654 
61.563 



••S 

go 



I3S' 
140 

145 
150 

155 
160 

165 
170 

175 
180 

185 
190 

195 
aoo 
205 
210 

212 

230 
250 
270 
290 



So- 

-> . 

jQ Om 



2.542 
2.879 

3-273 
3.708 

4-193 
4-731 
5.327 
5.985 

6.708 
7-511 
8.375 
9-335 

10.385 
11.526 
12.770 
14.126 

14.69 
20.87 
29.80 
41.87 
57-64 



So" 



-01539 

.01690 
.01839 
.01989 

.02164 
.02340 
.02589 
.02690 

.02906 
.03100 
.03300 
.03500 

.03700 
.03889 
.0414 

•0434 
.0444 

.0529 
.0628 
.0727 
.0838 



(0 • 

a <■ 



o . 98484 

0.98339 
0.98194 

0.98050 

0.97882 
0.97714 
0.97477 
0.97380 

0.97193 
0.97006 
0.96828 
0.96632 

0.96440 
0.96256 
0.9602 
0.9584 

0.9575 

0.9499 
0.9411 

0.9323 

0.9227 



V M (B 



61.472 
61.381 
61.291 
61.201 

61.096 
60.991 
60.843 
60.783 

60.665 
60.548 
60.430 
60.314 

60. 198 
60.081 

59-93 
59-82 

59.76 
59-36 

58.75 
58.18 

57.59 



In bulk, water is usually measured by the gallon, the 
volume of which is 231 cubic inches (the British gallon con- 
tains 277.274 cubic inches), or 0.134 cubic feet. A gallon of 
water at 62**, therefore, weighs slightly over 8 J pounds, and 
7.48 gallons equal one cubic foot. 

When, by the application of heat, aqueous vapor is pro- 
duced from, and in contact with, water in a closed vessel, it 
is usually denominated "steam," and under these conditions 
is always saturated. Saturated steam is of varying density and 
temperature, according to the pressure under which it is gen- 
erated; but there exists an unalterable relation between 
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density, elastic force, and temperature, such that if one of 
these properties remains constant the others so remain, while 
a change in one results in a change of the other two, and 
always in a fixed ratio. 

The elastic force or pressure at low temperatures is shown 
in column 4 of Table No. 3, while that at higher tempera- 
tures, as expressed in pounds per square inch above vacuum, 
is presented in Table No. 7. In the last column of this table 
is given the weight of steam per cubic foot under the corre- 
sponding temperatures and pressures. The specific density 
of gaseous steam is 0.622, that of air being i. That is to 
say, the weight of a cubic foot of gaseous steam is about five 
eighths of that of a cubic foot of air at same pressure and 
temperature. 

Expansion by Heat. — Although water is practically non- 
compressible, even under the most extraordinary pressure, it 
readily expands by the mere application of heat, with the 
notable exception that between the temperature of melting 
ice at 32° and that of greatest density at 39.1° there is a 
gradual contraction in volume as heat is applied. 

The rate of expansion is, however, variable, and above 
212° but little is known regarding it experimentally. An 
application of the formula derived from experiments made 
below 212° gives at least approximate values. In Table 
No. 2 are embodied the results of calculation by Rankine's 
approximate formula, which gives substantially correct values 
at low and moderate temperatures. The results at high tem- 
peratures are, however, too large, as is evidenced by the fact 
that by the table the density at 212® is shown to be 59.76 
pounds per cubic foot, while by actual measurement it has 
been found to be 59.64 pounds, — an error, however, of only 
0.2 per cent in the value, which is fairly negligible except 
in refined calculations. 

When saturated steam is superheated or surcharged with 
heat, as may only be done when it is separated from the water 
from which it was generated, it advances from the condition 
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of saturation to that of gaseity. The gaseous state is only 
arrived at by considerably elevating the temperature, suppos- 
ing the pressure remains the same. Obviously, the test of 
perfect gaseity must be the uniformity of the rate of expan- 
sion "with the rise in temperature. Experiment has shoAvn 
that, with the exception of a slight variation at a temperature 
just above that at which it was generated, steam, thus super- 
heated, follows the law that controls the expansion of per- 
manent gases; this law being that, the temperature remaining 
the same, the volume of a given quantity of gas is inversely 
proportional to the pressure which it sustains; or, conversely, 
that the pressure remaining the same, the volume will be pro- 
portional to the temperature. Therefore, the density or 
volume at any given temperature being known, it may be 
readily determined by proportion for any other temperature. 
Absolute Zero. — The rate or coefficient of expansion of 
a perfect gas per degree, as determined by the most recent 

and refined experiments, is 0.00203 = ^ at the freezing- 
point, or 32° F. Or, in other words, for each rise in tempera- 
ture of one degree, the gas of freezing temperature increases 

in volume 7^, and an increase of 402.66° would double 

492.66 ^^ 

the volume. If> then, this law holds good, reckoning upward 
from freezing-point, as has been conclusively proven by 
experiment, it is reasonable to suppose that it likewise holds 
good reckoning downward, and that for every degree of tem- 
perature withdrawn from the gas it is diminished 7> of its 

^ ^ 492.66 

volume at 32°. Carried to its limit, this would point to the 
fact that at 492.66° below freezing (or 460.60° below zero 
Fahrenheit) the contraction would be equal to the volume; 
that is, the volume would cease to exist. This is the so-called 
absolute zero of temperature, the starting-point for the scale 
of absolute temperatures by which the proportional expansion 
of gases is determined. "Without appreciable error it may be 
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expressed in round numbers as 461® below zero Fahrenheit, 
and will be so understood in calculations which follow. 

In the case of a boiler, an increase in the temperature of 
the steam cannot occur without an equal increase in that of 
the water, which results in the generation of more steam and 
an increase in pressure; in fact, the relations are such that the 
temperature of the steam may always be determined from a 
knowledge of the pressure, and vice versa. 

Specific Heat. — Bodies vary greatly in the capacity which 
they possess for absorbing heat under equal changes in tem- 
perature. The relation which thus exists between them is 
expressed by the "specific heat," which may be defined as 
the quantity of heat necessary to be imparted to a given body 
in order to raise its temperature one degree relatively to the 
quantity that is required to raise through one degree an equal 
weight of water at its point of greatest density at 39.1**. 
Thus, for instance, one pound of air at constant pressure may 
be raised through one degree by the expenditure of only 0.2375 
of the heat necessary to raise one pound of water through one 
degree; or, what amounts to the same, the amount of heat 
expended to raise the temperature of one pound of water by 

one degree would heat = 4.2 105 pounds of air through 

0.2375 

the same increment. As the specific heat of water is greater 
than that of any other known substance, the specific heat of 
all other substances must of necessity be expressed in deci- 
mals. Water does not absorb heat exactly in proportion to 
its increase in temperature; in other words, the specific heat 
of water varies with the temperature, as is rendered evident 
by Table No. 4. 

The specific heat of saturated steam is 0.305 referred to 
water as a standard; that is, it requires only 0.305 as much 
heat to raise the temperature of a given weight of saturated 
steam through one degree as would be necessary to raise the 
same weight of water through the same increment. Properly, 
this value of 0.305 is the specific heat of the water and its 
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saturated vapor combined. The specific heat of gaseous steam 
is 0.475. 

Table No. 4. 



SPECIFIC HEAT OF WATER. 





Specific Heat 




specific Heat 




Specific Heat 


Temperature. 


at the Given 


Temperature. 


at the Given 


Temperature. 


at the Given 


Degrees 


Temperature. 


Degrees 


Temperature. 


Degrees 


Temperature. 


Fahrenheit. 


Freezing-point 

= X. 


Fahrenheit. 


Freezing-point 
= I. 


Fahrenheit. 


Freezing-point 
= I. 


32- 


1. 0000 


176' 


1.0089 


320* 


1.0294 


50 


1.0005 


194 


I. 0109 


338 


1.0328 


68 


i.ooia 


212 


I. 0130 


356 


1.0364 


86 


1.0020 


230 


I-OI53 


374 


I. 0401 


104 


1.0030 


248 


I. 0177 


394 


1.0440 


122 


1.0042 


266 


1.0204 


410 


I. 0481 


140 


1.0056 


284 


1.0232 


428 


1.0524 


158 


1.0072 


30a 


1.0262 


446 


1.0568 



Unit of Heat. — The quantitative measure of heat is the 
thermal unit. The British thermal unit (as distinguished from 
the French thermal unit, or calorie) is that quantity of heat 
which is required to raise the temperature of one pound of 
pure water through one degree Fahr. at or near 39.1° Fahr., 
the temperature of maximum density of water. As employed 
in general practice, the term is usually abbreviated to 
'* B. T. U." The calorie or French thermal unit is* the quan- 
tity of heat absorbed by one gram or one kilogram of water 
(according to the unit adopted) when its temperature is 
increased one degree centigrade. 

The relation existing between the temperature of water in 
degrees Fahrenheit and the number of thermal units contained 
therein, together with the increase in the number of thermal 
units for each increment of temperature of 5°, is indicated in 
Table No. 5.* 

Mechanical Equivalent of Heat. — The mechanical unit 
of work is the ** foot-pound,*' or the work required to raise 
one pound through a distance of one foot. The mechanical 

theory of heat regards heat as a mode of motion, and investi- 

^— ^i— ^— .— — i— ■^^^■^— ^~ ^^^■— i^ 

* From ** Richards' Steam-engine Indicator." Charles T. Porter. 
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Table No. 5, 
number of thermal units contained in one pound of 

WATER. 



Temperature. 
Degrees F. 


Number of 
Thermal Units. 


Increase. 


Temperature. 
Degrees F. 


Number of 
Thermal Units. 


Increase. 


35** 
40 

45 
50 


35.000 
40.001 
45.002 
50.003 


5.001 
5.001 
5.001 


215- 
220 

225 

230 


215.939 
221.007 

226.078 
231.153 


5-065 
5.068 
5.071 
5.075 


55 

60 

65 
70 


55-006 
60.009 
65.014 
70.020 


5.003 
5.003 
5-005 
5.006 


235 
240 

245 
250 


236.232 

241.313 
246.398 

251.487 


5.079 
5.081 

5-085 
5.089 


75 
80 

85 
90 


75.027 
80.036 

85-045 
90-055 


5.007 
5.009 
5.009 
5.010 


255 
260 
265 
270 


256.579 
261.674 

266.774 
271.878 


5.092 

5.095 
5.100 

5.104 


95 
100 

105 
no 


95-067 
100.080 
105.095 
no. no 


5.012 
5 013 

5-015 
5-015 


275 
280 

285 
290 


276.985 
282.095 
287.210 
292.329 


5.107 
5. no 

5. 115 
5-119 


115 

Z20 
125 
130 


115-129 
120.149 
125.169 
130.192 


5-019 
5.020 

5.020 

5-023 


295 
300 

305 
310 


297-452 
302.580 
307-712 
312.848 


5-123 

5.128 

5.132 
5.136 


135 
140 

145 
150 


135.217 
140.245 

145-175 
150.305 


5025 
5.028 
5-030 
5.030 


315 
320 

325 
330 


317-988 

323-134 
328.284 

333-438 


5.140 
5.146 
5.150 

5.154 


155 
160 

165 
170 


155-339 
160.374 

165.413 
170.453 


5.034 

5-035 

5-039 
5.040 


335 
340 
345 
350 


338.596 

343-759 
348.927 

354- loi 


5.158 

5-163 
5.168 

5.174 


175 
180 

185 
190 


175-497 
180.542 

185.591 
190.643 


5-044 
5.045 

5.049 
5-052 


355 
360 

365 
370 


359-280 
364.464 

369 653 
374.846 


5-179 
5.184 
5.189 

5.193 


195 
200 

205 

210 


195.697 
200.753 
205.813 
210 874 


5.054 
5.056 
5.060 
5.061 


375 
380 

385 
390 


380.044 

385.247 
390.456 
395-672 


5.198 
5-203 
5.209 
5.216 
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gation has shown that there exists a definite relation between 
these two forms of energy, which is known as the *' mechani- 
cal equivalent of heat." That is, if, as in the experiments of 
Joule, a certain known amount of mechanical energy is 
expended (as by the falling of a weight) to operate paddles in 
a vessel of water, the increase in temperature of the water, 
due to agitation by the paddles, will always be found to be 
proportional to the work done. This relation or proportion 
is universally expressed by the amount of work necessary to 
raise the temperature of one pound of water through one 
degree Fahrenheit, and the latest experimental determinations 
of Rowland show it to be practically 778 foot-pounds. 

Latent and Sensible Heat. — When water is heated in the 
open atmosphere its temperature gradually increases until 
212** is reached. Further application of heat has no effect in 
raising the temperature beyond this point, but the water boils 
and passes ofT as steam, the temperature of which will also be 
found to be 212°. Evidently, then, the heat applied to 
accomplish the vaporization cannot be measured by the 
thermometer. But experiment has shown that in the evap- 
oration of the entire volume of water there thus disappears 
about five and a half times as much heat as is required to raise 
it from freezing- to boiling-point. On the other hand, it has 
been proven by experiment that upon the condensation of 
steam there is relinquished a large quantity of heat of which 
the thermometer gave no indication, and that this amount is 
exactly equal to that which disappeared in the process of, 
vaporization. Because of the hidden character of this heat it 
is known as latent heat, and is measured in thermal units, 
while that indicated by the thermometer is designated as 
sensible heat. The sum of the heat-units in the water and in 
the steam generated therefrom is known as the total heat. 

The total heat required in the formation of steam is ex- 
pended in three ways. 

I. In raising the temperature of the water to the boiling- 
point. This would be exactly measured by the sensible heat 
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if the specific heat of water was constant. The total heat of 
the water in heat-units varies slightly, however, from the 
temperature in degrees as indicated by the thermometer. 
This relation is clearly shown in Table No. 5. 

2. In the work done in transforming the water into steam. 
This is distinctly an internal work, and consists in separating 
the water particles and establishing a repulsive action between 
them. 

3. In the additional work of overcoming the incumbent 
pressure of the surrounding atmosphere so that enlargement 
of volume may take place. This work is entirely external. 

An analysis of the heat and work expenditures in increas- 
ing the temperature of one pound of water from 32° to the 
boiling-point, and transforming it into steam of 212° tempera- 
ture under atmospheric pressure, is displayed in Table No. 6, 

Table No. 6. 

HEAT AND WORK REQUIRED TO GENERATE ONE POUND OF SATU- 
RATED STEAM AT 212° FROM WATER AT 32°. 



Distribution of Heat. 

• 


Units of 
Heat. 


Mechanical 

Equivalent, in 

Foot-pounds. 


The Sensible Heat. 

I. To raise the temperature of water from 32** 
to 212° 


180.9 

894.0 
71.7 


140740 


The Latent Heat. 

2. In the formation of steam ., 


695532 

55783 


3. In expansion against the atmospheric pressure 


Total heat and work 


II46.6 


892055 





from which the relative amount of heat expended in each of 
the three ways is rendered evident. 

Table No. 7,* in which are given the properties of sat- 
urated steam, taken in connection with Table No. 5, which 
gives the number of heat-units in the water for any given 
temperature, are of great convenience in all calculations relat- 
ing to steam-boiler performance. 



*From ** Richards' Steam-engine Indicator." Charles T. Porter. 
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Table No. 7. 
properties of saturated steam. 

[From Charles T. Porter's treatise on The Richards SUam-tngin* Indicator^ 



Press- 




Sensible Heat 




Total Hcftt 


Weight of 
One Cubic 


nre 


Temperatare. 


above 


Latent Heat. 


above 


4IWW 

sero. 




ceroFabr. 




zero Fahr. 


Foot. 


Lbs. per 
sq.in. 


Fahr. Deg. 


B.T.U. 


B.T.U. 


B.T.U. 


Lbs, 


1 


102.00 


102.08 


1042.96 


1145.05 


.0030 


2 


126.26 


126.44 


1026.01 


1152.45 


.0058 


8 


141.62 


141.87 


1015.25 


1157.13 


.0085 
.0118 


4 


158.07 


158.39 


1007.22 


1160.63 


5 


162.83 


162.73 


1000.73 


1163.44 


.0137 


6 


170.12 


170.57 


995.24 


1165.83 


:0163 


7 


176.91 
102.91 


177.4-3 


990 47 


1167.89 


.0180 


8 


188.48 


986.24 


1169.73 


.0214 


8 


188.81 


188.91 


982.43 


1171.37 


.0289 


10 


198.24 


193.91 


978.95 


1173.87 


.0264 


11 


197.76 


198.49 


975.76 


1174.25 


.0589 


12 


201.96 


202.73 


972.80 


1175.53 


.0313 


18 


205.88 


206.70 


970.02 


1176.73 


.0337 


14 


209.56 


210.42 


967.42 


1177.85 


.0363 


15 


218.02 


213.93 


264.97 


1178.91 


.0387 


16 


216 29 


217.25 


962.65 


1179.90 


.0413 


17 


219.41 


220.40 


960.45 


1180.85 


.0487 


18 


222.87 


223.41 


958.84 


1181.76 


.0463 


19 


225.20 


226.28 


956. »4 


1182.63 


.0487 


20 


227.01 


229.03 


954.41 


1163.45 


-.0511 


J21 


280.51 


231.67 


952.57 


1184.24 


.0536 


22 


288.01 


234.21 


950.79 


1185-.Q0 


.0561 


28 


2d5.48 


236.67 


949.07 


1185.74 


.0585 


24 


237.75 


239.02 


947.42 


1186.45 


.0610 


25 


240.00 


241.81 


945.82 


1187.18 


.0634 


26 


242.17 


248.52 


944.27 


1187.80 


.0653 


87 


244.28 


245.67 


943.77 


1188.44 


.0683r 


28 


246.82 


247.74 


941.82 


1189.06 


.0707 


20 


248.81 


249.70 


939.90 


1189.67 


.0731 


80 


250.24 


251.78 


938.92 


1190.26 


.0755 


81 


252.12 


253.64 


,937.18 


1190.83 


.0779 


82 


253.95 


255.51 


935.88 


1191.89 


.0803 


83 


255.73 


267.82 


934.60 


1191.93 


.0837 


84 


257.47 


259.10 


933.30 


1192.46 


.0851 


85 


259.17 


260.83 


932.15 


1192.98 


.0875 


86 


260.83 


262.52 


930.96 


1193.49 


.0899 


87 


262.45 


204.18 


929.80 


1198.98 


:0923 


86 


264.04 


265.80 


928.67 


1194.47 


.0946 


89 


265.59 


267.88 


927.66 


1194.94 


.0970 


40 


267.12 


268.93 


926.47 


1195.41 


.0994 


41 


268.61 


270.46' 


925.40 


1195.86 


lOHT 


42 


270.07 


271.95 


924.85 


1196.31 


1041 


4S 


271.50 


273.41' 


923.83 


1196.74 


1064 


44 


272.91 


274.85 


922.82 


1197.17 


1088 


45 


274.29 


276.26 


921.83 


1197.60 


.1111 


46 


275.65- 


277.65 


9*^0.86 


1198.01 


.1184 
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Propbrtiss of Saturated Steam — Continued, 







denslble Heat 




ToUl Heat 


Weight Ql 
OneX^oblc 


Above 


Temperature. 


above 


Latent Boat. 


above 


aero. 




seroFahr. 




zero Fahr. 


Foot. 


Ll».per 
tq.in. 


Fahr. Deg. 


B.T.U. 


B.T.U. 


B.T.U. 


Lbe. 


47 


276.98 


279.01 


919.40 


1198.42 


. .1158 


48 


278.29 


280.65 


918.46 


1198.82 


.1181 


49 


279.58 


281.67 


917.54 


1199.21 


.1204 


^ 


280.85 


282.96 


916.68 


1199.60 


.1227. 


:61 


28».09 


284.24 


915.73 


1199.98 


.1251 


4S2 


^3.82P 


285.49 


914.65 


1200.85 


.1274 


;63 


284.58 


286.78 


918.98 


1200.72 


.1297 


«4 


285.73 


287.95 


913.18 


1201.08 


.1320 


i55 


286 69 


289.15 


912.29 


1201.44 


.1848 


S6 


288.05 


290.88 


911.46 


1201.79 


.1366 


67 


289.11 


291.50 


910.64 


1202.14 


.1388 


08 


290.81 


298.65 


909.88 


1202.48 


.1411. 


69 


291. 4d 


293.79 


909.03 


1202.82 


.1484 


ao 


292.52 


294.91 


908.24 


1208.16 


.1467 


61 


293.59 


296.01 


907.47 


1203.48 


.1*79 


«2 


294.66 


297.10 


906.70 


1208.81 


.1502 


«3 


295.71 


298.18 


905.94 


1204.18 


.1524 


€4 


290.75 


299.-24 


905 20 


1204.44 


.1547 


65 


297.77 


800.80 


904.46 


1204.76 


.1569 


66 


298.78 


801.83 


908.78 


1205.07 


.1592 


67 


299.78 


802.36 


90S.0t 


1205.87 


.1614 


68 


800.77 


803.87 


902.29 


1205.67 


:i637 


69 


801.75 


804.86 


901.69 


1205.97 


.1659 


70 


802.71 


605.87 


900.89 


1206.26 


.1681 


.71 


803.67 


806.61 


900.2X 


1206.56 


.1708 


72 


804.61 


807.32 


899.62 


1206.84 


.1725 


73 


805.55 


808.27 


698.85 


1207.18 


.1748 


74 


806.47 


809.22 


698.18 


1207.41 


.1770 


75 


807.88 


810.16 


697.52 


1207.69 


.1793 


76 


808.29 


811.09 


890.87 


1207.96 


.1814 


77 


809.18 


812.01 


890.28 


1208.24 


.1836 


78 


810.06 


812.92 


895.59 


1208.51 


.1857 


.79 


810.94 


813.82 


894.95 


1208.77 


.1879 


60 


811.81 


814.71 


694.88 


1209.04 


.1901' 


61 


812.67 


815.59 


898.70 


1209.80 


.1928 


^2 


813.52 


816.46 


893.09 


1209.56 


.19^5' 


68 


814.86 


817.83 


802.48 


1209.82 


.1967! 


^ 


815.19 


818.19 


801.83 


1210.07 


.1988 


65 


816.02 


819.04 


891.28 


1210.82 


.2010 


66 


816.83 


819.86 


690.69 


1210.57 


.2083 


67 


817.65 


820.71 


890:10 


1210.82 


.2058 


68 


816.45 


821.54 


889.62 


1211.06 


.2076 


69 


819.24 


822.86 


888.94 


1211.31 


.2097 


90 


820.08 


823.17 


888.87 


1211.56 


.3116. 


91 


820.82 


828.08 


887.80 


1211.79 


.218?^ 


92 


821.59 


824.78 


887.24 


1212.02 


.216a 


98 


822.86 


825.57 


886.68 


1212.26 


.2183' 


94 


823.12 


826.35 


886.13 


1212.49 


.2204 


65 


823.88 


327.13 


885.58 


1212.72 


.2224. 
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Properties of Saturated SrEtM^ConHnued. 





' 


Sensible Heat 




Total Heat 


Weight of 


ore 
•boye 
sero. 


Temperature. 


aboTB 


Latent Heat 


above 


OneCiibIa 




semFahr. 




sero Fahr. 


.Foot. 


Lbs.per 
sq.ui. 


lUir. Deg. 


B.T.U. 


B.T.U. 


B.T.XT. 


Lba 


96 


824.63 


827.90 


885.04 


1212.95 


.2245 


97 


825.87 


828.67 


884;60 


1218.18 


.2266 


98 


826.11 


839.48 


flte8.97 


1218.40 


.2288 


99 


826.84 


330.18 


8^.44 


1218.62 


.286» 


100 


827.57 


880.98 


882.91 


1218.84 


.2880) 


101 


828.29 


881.67 


882.89 


1214.06 


.285L 


102 


829.00 


882.41 


881.87 


3214.28 


.2371) 


108 


829.71 


838.14 


881.85 


1214. SOw 


.2393 


104 


880.41 


888.86 


880.84 


1214.71 


.241S" 


105 


881.11 


834.58 


880.84 


1214.93 


.2484. 


106 


881.80 


885.80 


879.84 


1215.14 


.2454 


107 


882.49 


886.00 


879.84 


1215.85 


.2475 


108 


888.17 


886.71 


878.84 


1215.55 


.2496 


109 


888.85 


837.41 


878.86 


1215.76 


.2616 


110 


884.52 


.888.10 


877.86 


1219.97 


.2687 


111 


885.19 


888.79 


877.87 


1216.17 


.2568 


112 


885.85 


889.47 


876.89 


1216.87 


.2578 


118 


886.51 


840.15 


876.41 


1216.57 


.2599 


114 


887.16 


840.88 


875.94 


1216.77 


.3619 


115 


887.81 


841.50 


875.47 


1216.97 


.2640 


116 


888.45 


842.16 


875.00 


1217.17 


.2661 


117 


889.10 


842.88 


874.58 


1217.86 


,2681. 


118 


889.78 


848.48 


874.07 


1217.56 


.2703 


119 


840.86 


844.14 


878.61 


1217.75 


.ms^ 


120 


840.99 


844.78 


878.15 


1217.94 


.2743 


,121 


841.61 


845.48 


872.70 


1218.18 


.2763 


122 


842.23 


846.07 


872.25 


1218.83 


.2783 


128 


342.85 


846.70 


871.80 


1218.51 


.2803 


m 


848.46 


847.84 


871.85 


1218.69 


.2823 


125 


844.07 


847.97 


870.91 


1218.88 


.2843 


126 


344.67 


848.50 


870.47 


1219.06 


.2863 


127 


345.27 


849.21 


870.03 


1219.25 


.2883 


128 


845.87 


849.88 


869.59 


1219.48 


.2903 


129 


846.45 


850.44 


869.16 


1219.61 


.2923 


180 


847.05 


851.05 


868.78 


1219.79 


.29^ 


131 


847.64 


851.66 


868.80 


1219.97 


.2061 


132 


848.22 


852.26 


^7.88 


1220.15 


.2981 


188 


848.80 


852.86 


867.46 


1220.82 


.8001 


184 


849.38 


858.46 


867.03 


1220.50 


.3020 


185 


849.95 


854.05 


866.62 


1220.67 


.8040 


186 


850.52 


864.64 


866.20 


1220.85 


.8060 


187 


851.08 


855.28 


866.79 


1221.03 


.8070 


188 


851.75 


855.81 


865.88 


1221.19 


.8090 


189 


862.21 


856.89 


864.97 


1221.86 


.8118 


140 


852.76 


856.96 


864.56 


1221.58 


.8188 


141 


868.81 


857.64 


864.16 


1221.70 


.8158 


142 


858.86 


858.11 


868.76 


1221.87 


.8178 


148 


854.41 


858.67 


868.86 


1222.08 


.3199 


144 


854.96 


859.24 


862.96 


1222.20 


.8219 
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Properties of Saturated Steam — Continued, 



Frew* 




Seneible Heat 




Tbtai Heat 


Weight of 

One Cubto 

Foot.' 


ore 
above 
«ero. 


Tempefatnre. 


above 
aeroFahr. 


LatefttHeat 


above 
s«roFahr. 


Lbs. per 
Bq,ln. 


Ffthr.Deg. 


B.T.U. 


B.T.U. 


b.t:u.- 


Lbs. 


145 


855.50 


859.80 


862.66 


1222.86 


.8289 


146 


856.08 


860.85 


863 . 17 


1222.63 


.8259 


147 


856.57 


860.91 


861.78 


1222.69 
i^22.85 


.31^79% 


148 


857.10 


861.46 


861.39 


.8299 


149 


857.63 


862.01 


861.00 


12^3.01 


.8819 


150 


858.16 


862.65 


860.62 


}223^18 


.3^40 


151 


858.68 


863.10 


860.28 


1223.^ 


.3858 


152 


859.20 


863 64 


859.85 


1323.49 


.3376 


.158 


359.72 


864.17 


859.47 


1223.65 


.8394 


154 


860.28 


864.71 


859.10 


1223.81 


.8412 


165 


860,74 


865.24 


a58.7a 


1223.97 


.8430 


166 


861.26 


865.77 


858.85 


1224.12 


.3448 


157 


861.76 


866.80 


857.98 


.1224.28 * 


.8466 


158 


862.27 


866.82 


857.61 


1234.43 


.3484 


159 


862.77 


867.34 


857.24 


1224.68 


.3502 


160 


868.27 


867.86 


856.87 


1224.74 


.8520 


161 


868.77 


868.88 


866.50 


1224.89 


.8539 


162 


804.27 


868.89 


856.14 


1225.04 


.3558 


163 


864.76 


869.41 


855.78 


1225.19 


.3577 


164 


865.85 


869.92 


a?5.42 


1325.34 


.8596 


165 


865.74 


870 42 


855.06 


1225.49 


.8614 


166 


866.28 


870,98. 


854.70 


1225.64 


.8683 


167 


^66.71 


871.43 


854.35 


1225.78 


.865^ 


168 


867.19 


871.93 


858.99 


1235.93 


.8671 


169 


867.68 


872.43 


853.64 


1336.08 


.8690 


170 


868.15 


872.93 


858.29 


1326.22. 


.8709 


171 


868.68 


878.42 


852.94 


1226.87 


.8727 


172 


869.10 


373.91 


852.59 


1336.51 


.8745 


173 


869.57 


874.40 


852.25 


1336.66 


.3763 


174 


870.04 


874.89 


851.90 


1330.80 


.8781 


175 


870.51 


875.88 


851.56 


1336.94 


.8799 


176 


870.97 


8715.86 


851.22 


1-237.08 


.3817 


177 


871.44 


876.84 


850.88 - 


1337.23 


.3835 


178 


871.90 


^876.82 


860.54 


1227.87 


.8853 


179 


872.86 


877.30 


850.20 


1227.51 


.^71 


180 


872.82 


8t7.78 


849.86 


1237.65 


.8889 


18t 


878.27 


878.25 


849.58 


1227.78 


.8907 


182 


878.78 


878.72 


849.20 


1227.92 


.3925 


188 


874.18 


879.19 


848.86 


1228.06' 


.8944 


184 


874.68 


879.66 


848-. 53 


1228.20 


.8962 


la*) 


875.08 


880.13 


848.20 


1238.83 


.8980 


186 


875.52 


880.69 


847.88 


1228.47 


.8999 


187 


875.97 


881.05 


847.55 


1228.61 


.4017 


188 


876.41 


881.61 


847.22 


1228.74 


.4035' 


189 


876 85 


881.97 


846.90 


1228.87 


.4053 


190 


877.29 


882.42 


846.58 


1229.01 


.4072 


191 


877.72 


882.88 


846.26 


1329.14 


.4089 


192 


878.16 


883.33 


845.94 


1229.27 


.4107 


198 


878.69 


883. "^8 


845.63 


lj^29.41 


.4125 
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Properties of Saturated Steam — Continued. 



Preu- 

nro 
above 
zero. 


Tempentare'.^ 


Sensible Heat 

above 

sero Fahr. 


Latent Beat. 


Total Heat; 
' above 
,cero Fahr. 


Weight of 

One Cubic 

Foot. 


Lbfl.per 
eq.in. 


Fahr. Deg. 


p.T.U. 


B.T.U. 


B.T.u: 


>-Lb9. 


194 
195 
196 
197 
198 
199 
200 

201 

202 ' 

203 

204 

206 

200 

207* 

208 

209 

210 


879.02 
379.45 
379.97 
380.30 
380.72 
381.15 
.381.57 

381.99 
382.41 
382.82 
383.24 
383.65 
384.06 
384.47 
384.88 
385.28 
385. ()7 


884.23 
384.67 
385.12 
385.56 
386.00. 
386.44 
886.88 

387:82 

387.76; 

888.10 

388.62 

889.05' 

889.48 

389.91' 

390.33 

390.75 ' 

oOl.n . 


845.30 

844.99 
841.68 
844.36 
844.05 
843.74 
843.43 

• • — 

iB48.12 
842.81 
842.50' 
842.20 
841.89 
841.59 
841 .20 
840 90 
840.69 
840.30 


1229.54 
1229.67 
1239.80 

1229 93 
1230.06 
1230.19 
1230.81 

1230.41 
1230.57 
1230.70 

1230 82 
1^30.95 
1231.07 
1231.20 
123.. 3^ 
1231.45 
1231.57 


' .4143 
:4l60 
.4178 
.4196 
.4214 
14231 
14249 

.4266 
.428^ 
:4300 
.4318 
.4335 
.4352 
.4369 
.4386 
; .4403 
.4421' 



CHAPTER III. 
COMBUSTION. 

Definition. — The phenomenon of combustion may result 
from any chemical action in which the energy is sufficient to 
heat the body to the point of luminosity. But in its more 
restricted sense, as regards steam-boiler practice, combustion 
may be defined as a process of rapid oxidation, caused by the 
chemical union of the oxygen in the air with any material 
which is capable of oxidation. A combustible is therefore to 
be considered as any substance capable pf combining rapidly 
with oxygen so as to produce light and heat, while oxygen is 
to be classed as a supporter of combustion. 

Carbon. — Of all combustibles carbon is the most widely 
distributed, and readily obtained in nature. Because of its 
abundance as a constituent of coal, wood, peat, mineral oil, 
and natural gas, these substances are almost exclusively 
adopted as fuels. To these may be added coke, charcoal, and 
fuel-gas, which are produced by special processes from these 
natural substances. Carbon itself is an infusible, non-volatile 
solid, of which three distinct modifications occur; viz., (i) 
diamond, (2) plumbago or graphite, (3) charcoal or lamp- 
black. Among natural fuels — that is, those not prepared by 
artificial means — anthracite coal most nearly approaches to 
the condition of pure carbon, and is to be classed between 
graphite and charcoal. 

Oxygen. — Although oxygen, the universal supporter of 
combustion, as here defined, is the most abundant of all 
natural substances, it never exists by itself in nature, but 
always in association with some other substance. Thus it is 
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COMBUSTION, 25 

that as a constituent of atmospheric air it is associated with 
the inert gas, nitrogen; the relative proportion, of the two 
gases in pure air remaining practically constant under all con- 
ditions. 

As determined by recent investigation, pure air is com- 
posed, by volume, of — 

Oxygen 0.2096 parts 

Nitrogen 0.7904 ** 

1. 0000 parts 
and by weight of — 

Oxygen 0.23 1 7 parts 

Nitrogen 0.7683 ** 

1. 0000 parts 

In nature, however, this proportionate composition of pure 
air is slightly affected by the presence of aqueous vapor, car- 
bonic acid, and other impurities. Unless extreme accuracy is 
desired, it is usually convenient to consider the atmosphere as 
composed of one volume of oxygen and four volumes of nitro- 
gen. Air is, however, but a mechanical mixture of the two 
gases, and the oxygen is therefore free, without chemical dis- 
sociation, to le£^ve the nitrogen and unite with other sub- 
stances, which it does with great avidity under favorable 
circumstances. In its independent state oxygen is colorless, 
tasteless, and slightly heavier than air, in the proportion of 
I to 1. 1056. 

The Atomic Theory. — A clear understanding of the 
atomic theory is necessary to a full comprehension of the 
principles of combustion. This theory, which has been 
developed through years of investigation, is now universally 
accepted as the explanation of all chemical phenomena. 

By experiment it has been demonstrated that all chemical 
combinations between elementary substances are made in 
definite and invariable proportions. For instance, if hydrogen 
and oxygen be mixed and caused to form water, as already 
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described^ it will be found that the entire amount of these two 
gases will be utilized and enter into combination only when 
they originally existed in the exact proportion of two volumes 
of hydrogen to one volume of oxygen. Observation also 
proves that if this water is maintained in its gaseous condition 
it will occupy only the space of two volumes, although for its 
production a total of three volumes was supplied. 

Two volumes of hydrogen and one and a half volumes of 
oxygen cannot be made to chemically combine to form the 
compound water, for the hydrogen will unite with only its 
proportional quantity, leaving the extra half-volume of oxygen 
unassociated. No matter how large or how small these 
volumes may be, the same relation holds. It is, therefore, 
reasonable to suppose that if the smallest conceivable particle 
of oxygen be brought into union with two of the smallest 
conceivable particles of hydrogen, there will be the same 
result and a minute particle of water will be formed. 

These minute particles, the smallest in which elementary 
substances may be conceived to enter into combination with 
each other, are called atoms, while the individual particles 
resulting from their union are known as molecules. From the 
above reasoning it would appear probable that equal volumes 
of the elementary gases, at least, contain the same number of 
atoms, and therefore that the atoms are of equal size. 
Although attempts have been made to calculate the probable 
dimensions of these atoms, we have no direct knowledge as to 
their size. 

Chemists have adopted as designating symbols for the 
various elements the initials of their names, followed, when 
necessary for distinction, by a succeeding letter. Thus 
hydrogen is designated by H and oxygen by O. The com- 
pound water, formed by the chemical union of two atoms of 
hydrogen and one atom of oxygen, can therefore be simply 
represented by H,0, the suffix 2 being employed to indi- 
cate the presence by volume of twice as much hydrogen as 
oxygen. 
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Upon the assumption that the atoms are of equal size, the 
determination of the relative weights of equal volumes of these 
two gases, under the same pressure and temperature, is 
equivalent to (determining the relative weights of the atoms 
themselves; that is, their atomic weights. The weight of 
hydrogen, which is the lightest of all known substances, is 
taken as unity, the relative weight of oxygen being i6. 
That is, a given volume of oxygen weighs 16 times as much 
as an equal volume of hydrogen. 

The symbol HjO, therefore, reveals still another fact as 
to the composition of water; namely, that 2 atoms of 
hydrogen, weighing relatively 2x1=2, are combined with 
I atom of oxygen, weighing 16. In other words, that by 
weight water is composed of 2 parts of hydrogen and 16 
parts of oxygen; or more simply, that the ratio of the 
hydrogen to the oxygen is as i to 8. 

But in this process of combination it has already been 
shown that the two volumes of hydrogen and one volume of 
oxygen unite to form only two volumes of water in its gaseous 
state, which two volumes represent the space originally occu- 
pied by the hydrogen. Hence it is evident that the com- 
pound now weighing 18 occupies the same space as an amount 
of hydrogen weighing 2, and that its relative density, the 
density of hydrogen being taken as unity, is ^ = 9. In 
other words, gaseous water of given temperature and press- 
ure weighs nine times as much as an equal volume of hydro- 
gen under the same conditions. 

The common elementary substances entering into the 
composition of fuel, with their symbols and atomic weights in 
round numbers, are given in. Table No. 8. 

Union of Carbon and Oxygen. — Many elements enter 
into chemical combination with each other in more than one 
proportion. This is true of carbon and oxygen. If a piece 
of carbon, heated to incandescence, be placed in a sufficient 
volume of oxygen or air, each atom of the carbon will unite 
with two atoms of the oxygen to form a compound known as 
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Table No. 8. 

symbols and atomic weights of elementary substances 

concerned in combustion. 



Name. 


Symbol. 


Atomic Weight. 


Hydrogen . .. . 

Carbon 

Nitrogen 

Oxygen 

Sulphur 


H. 
C. 

N. 
O. 

s. 


I 
12 

14 
i6 

32 



carbonic acid, or carbonic dioxide, the symbol of which is 
CO,; the process being indicated by the formula C + 2O = 
COj. No matter how plenteous the oxygen, it cannot be 
made to enter into combination with the carbon in a propor- 
tion greater than two atoms of oxygen to one atom of carbon. 

This gas is, therefore, evidently a product of complete 
combustion, there having been a full supply of oxyo-en. As 
is shown by Table No. 8, the single atom of carbon weighs 12 
relatively to each atom of oxygen, which weighs 16; that is, 
the compound consists by weight of 12 parts of carbon and 
2 X 16 = 32 parts of oxygen. 

Carbonic acid gas is transparent and colorless, about one 
and a half times heavier than air, and of a slightly acid taste 
and smell. It is incombustible, being already the product of 
complete combustion, and, although not directly poisonous, 
is neither a supporter of animal life nor of combustion. 

If, in turn, this gas, without the accompaniment of suf- 
ficient oxygen, be brought into contact with incandescent 
carbon, it will be deprived of one half its oxygen, each atom 
of oxygen thus released uniting with an atom of carbon to 
form a new compound known as carbonic oxide, with the 
symbol CO. The process of combination may be symbolically 
expressed thus: CO,+ C = 2CO, showing that not only is 
the new compound formed by union of carbon with the 
released oxygen, but that the carbonic acid thus deprived of 
its oxygen is thereby also reduced to carbonic oxide. The 
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relative weights of the elements of this compound are, evi- 
dently, carbon = 12 and oxygen =16. 

This gas is slightly lighter than air, transparent, colorless, 
and practically odorless, and is destructive to animal life, 
being in fact a direct poison. It is not a supporter of com- 
bustion, but, being the product of imperfect combustion, is 
itself a combustible and may be readily bufned in the air. 
Such being the case, we should expect that the process of 
burning — which has already been defined as the rapid chemi- 
cal union of a combustible with oxygen — would result in an 
accession of oxygen to the carbonic oxide. Experiment will 
prove this to be true, the product being carbonic acid, the 
same compound already shown to be the result of complete 
combustion. Symbolically, the process is expressed by CO 
+ O = CO,. In tabular form, the general properties of car- 
bonic oxide and carbonic acid are shown in Table No. 9. 



Table No. 9. 

PROPERTIES OF CARBONIC OXIDE AND CARBONIC ACID. 





Symbol. 


Composition. 


Name. 


By Weight. 


Percentage. 


• 


Carbon. 


Oxyi^en. 


Total. 


Carbon. 


Oxygen. 


Toul. 


Carbonic oxide.. 
Carbonic acid.. . 


CO 
CO, 


12 
12 


16 
32 


28 
44 


42. 86 
27.27 


57.14 
72.73 


100 
100 



Combustion of Fuel. — The two elements contributing 
most largely to the economic value of any fuel, as measured 
by its heating power, are carbon and hydrogen. These ele. 
ments exist in fuels either combined, or, upon the application 
of heat, associate themselves in a series of complex compounds 
known as hydrocarbons, the simplest of the list of some fifty 
being marsh-gas, represented by the symbol CH^. Such 
portion of the carbon or hydrogen as does not thus enter 
into combination, and for which there exists in the entire 
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substance no further material for combination, is designated 
as fixed. 

Besides these primary elements, fuels usually contain small 
amounts of oxygen, nitrogen, and sulphur, together with a 
certain percentage of incombustible matter which remains as 
ash after the process of combustion is complete. The phe- 
nomena attendant upon the combustion of ordinary fuels are, 
therefore, much more complex than those resulting from the 
combustion of carbon alone. Although it must be evident 
that fuels of the same general character vary considerably in 
the proportions of their constituents, their relative average 
elementary composition by weight is substantially as shown 
in Table No. lo. The results there given are those deter- 

Table No. 10. 

COMPOSITION OF FUELS. 



Description. 



Anthracites : 

France 

Wales 

Rhode Island 

Pennsylvania 

Semi-Bituminous : 

Maryland 

Wales 

Bituminous : 

Pennsylvania 

Indiana 

Illinois 

Virginia 

Alabama 

Kentucky 

Cape Breton 

Vancouver's Island. . . 

Lancashire gas-coal. .. 

Boghead cannel 

Lignites : 

California brown coal. 

Australian brown coal. 
Petroleums : 

Pennsylvania, crude.. 

Caucasian, light 

Caucasian, heavy 

Refuse 



Carbon. 



90.9 

91.7 
85.0 
78.6 

80.0 

88.3 

75.5 
69.7 

61.4 
57.0 
53.2 
49.1 
67.2 
66.9 
80.1 
63.1 

49-7 
73.2 

84.9 
86.3 
86.6 
87.1 



Hydro- 
gen. 



1.47 
3.78 
3.71 
2.5 

5.0 
4.7 

4-93 
5.10 

4.87 
4.96 
4.81 

4.95 
4.26 

5.32 

5-5 
8.9 

3-78 
4.71 

13-7 
13-6 
12.3 

11. 7 



Oxygen. 



1-53 
1.30 
2.39 
1.7 

2.7 
0.6 

12.35 
19.17 
35 42 
26.44 

32.37 

41.13 
20.16 

8.76 

8.1 

7.0 

30.19 
12.35 

1.4 
0.1 
I.I 
1.2 



Nitrogen. 



1. 00 
1. 00 
1. 00 
0.8 

I.I 
1.4 

1. 12 

1.23 

1. 41 

1.70 

1.62 

1.70 

1.07 

1.02 

2.1 

0.2 

I.O 
I. II 



Sulphur. 



0.80 
0.72 
0.90 
0.4 

1.2 
1.8 

1. 10 

1.30 

1.20 

1.50 

1.30 
1.40 

1. 21 

2.20 

1.5 
1.0 

1.53 
0.63 



Ash. 



4.3 
1-5 
7.0 

14.8 

8.3 
3.2 

5.0 
3-5 

5.7 
8.4 

6.7 

7.2 

6.1 

15.8 

2.7 
19.8 

13-8 
8.0 
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mined by ultimate analysis. For the general purposes of 
comparison of fuels, the method of proximate analysis, 
whereby only the relative percentages of carbon, volatile 
matter, ash, and moisture are ascertained, is sufficiently 
refined. 

Obviously, owing to the conditions under which combus- 
tion takes place, it is impossible to determine in detail the 
exact order of the process. It is certain, however, that the 
final results of perfect combustion of ordinary fuel should be 
carbonic acid gas (CO,)^ water (H,0), nitrogen (N), and possi- 
bly a little sulphurous acid (SO,). The process may be out- 
lined as follows: If, for instance, coal of bituminous character 
be thrown upon a glowing fire, the heat first volatilizes and 
frees the hydrocarbons, at comparatively low temperature. 
These inflammable gases are thereupon immediately ignited, 
and by the heat thus projduced assist in bringing the remainder 
of the coal to a state of incandescence. The burning of 
the hydrocarbons is indicative of their union with oxygen, 
whereby these compounds are broken up and new combina- 
tions of a simpler character are formed. The three elements 
thus presented for combination are carbon, hydrogen, and 
oxygen. If the supply of oxygen is sufficient, the carbon 
leaves the hydrogen with which it has been associated, and 
unites with the oxygen to form carbonic acid, an evidence 
that combustion is complete. The liberated hydrogen also 
unites with oxygen, if a sufficiency is present, and forms water, 
which, being at a high temperature, is maintained in its 
gaseous condition. If, upon dissociation, a portion of the 
carbon which is liberated in incandescent particles does not 
immediately meet with its complement of oxygen, it is liable 
to become cooled to such an extent by the surrounding gases 
that, when it reaches an abundance of oxygen, its temperature 
will be too low to permit of chemical union. It will therefore 
pass off as unconsumed and visible carbon, in the form of 
smoke. 

By the time the coal has become incandescent all of the 
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hydrocarbons will have been expelled, and the carbon will be 
in a condition to enter into combination with the oxygen of 
the air, or of any surrounding carbonic acid. If oxygen is 
present in excess, the product will be carbonic acid; but if 
carbonic acid be brought into contact with the glowing coal, 
carbonic oxide will be the result. This in turn will burn to 
carbonic acid, if only supplied with sufficient air. 

In consideration of the number and great variety of inter- 
stices existing between the lumps of coal, and of the various 
stages of combustion to which different portions of the fuel 
have attained, it is evident that in their passage through the 
fire many changes must take place in the composition of the 
gases. Association and dissociation must follow in rapid suc- 
cession; at one instant an atom of carbon may be combined 
with two atoms of oxygen to form carbonic acid, while in the 
next it may have lost one of its atoms of oxygen and have 
been reduced to carbonic oxide, which in turn may come in 
contact with a sufficiency of oxygen to again form carbonic 
acid. In just which combination the carbon and oxygen shall 
leave the fire and pass to the chimney must depend upon the 
temperature of the gases ai\d the proportion of oxygen at 
hand. 

Air Required for Combustion. — The definite proportions 
in which oxygen unites with hydrogen and carbon to form 
water and carbonic acid — the results of perfect combustion — 
have already been shown. Expressed in pounds, one pound 
of hydrogen requires eight pounds of oxygen for its complete 
combustion; for the atomic weights are respectively H = i 
and O = i6, and the composition of water, which is the 
product of perfect combustion of hydrogen and oxygen, is 
symbolically indicated by H,0. Hence, substituting atomic 
weights for symbols, HjO = 2+16, and H, : O :: 2 : 16 = 
H, : O :: I : 8. 

For the complete combustion of one pound of carbon there 
are required 2% pounds of oxygen, for, by atomic weights. 
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C = 12 ard O = i6; hence CO, = 12 + (2 X 16) and C : O, 
;: 12 :32 = C :0. :: I -.2%. 

Air consists, by weight, of 0.2317 parts oxygen; therefore 
the amount of air required for the combustion of one pound 
of carbon must be the amount that would contain 2\ pounds 
of oxygen; that is, 2 J —- 0.2317 = 11.51 pounds. 

In Table No. 1 1 are presented the principal data regarding 
oxygen, nitrogen, and the elements of the common combusti- 
bles, together with the amount of oxygen and ait required for 
«acfa as calculated in the manner just described. 

Table No. 11. 
combustion data. 



Com 








Pr«.u«. 




"Ttl 


d per Pound 








Name. 


1 


< 

^3 


Is 

P 

lbs. 


Name. 


1 




SI 

1 = 


I 

s 


Air. 




»., 


... 


Cubic 


■Ci^Sr".".".V" 

SS^-oxidi: 

OJefiMtgas..,. 
Solphur 


c 

CO 

CH, 
C,H. 
S 


D.oTtoS 


KSv.v.-.- 






■::;;is; 


i 


%% 




Carbonic anide 

Carbonic add." 

ICa^rtani'c'acId 

1 Water 

) Carbonic add 
Sulphurous acid 


7* 



As already showTi in Table No. 10, oxygen enters to a 
certain extent into the original composition of all fuels. In 
the process of combustion, this oxygen unites with its equiva- 
lent of hydrogen, which is thus rendered inert, so far as com- 
bination with extraneous oxygen is concerned. In calculation, 
therefore, this quantity of hydrogen is disregarded, and there 
are left to be considered only the remaining carbon and 
hydrogen. 
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The method of calculation of the amount of air necessary 
for the combustion of ordinary coal can best be explained by 
means of an example based upon the known composition of a 
certain fuel, as, for instance, that of the Maryland semi- 
bituminous coal, given in Table No. lo. For simplicity these 
proportionate figures are here given in pounds instead of in 
per cent : 

Carbon 80.0 pounds 

Hydrogen 5.0 

Oxygen 2.7 

Nitrogen i.i 

Sulphur 1.2 

Ash 8.3 

The nitrogen is inert, the sulphur, because of the small 
amount in which it is present, may be disregarded, and the 
ash, being incombustible, has no appreciable effect upon the 
result so far as the chemical requirements are concerned. 

We may therefore estimate as follows for the amount of 

oxygen required: The 2.7 pounds of oxygen will render inert 

2.7 

-^ = o»3375 pounds of hydrogen, for it will directly combine 

with that amount. The constituents to be considered thus 
become — 

Carbon 80 pounds 

Hydrogen, 5.0 — 0.3375 = 4.6625 ** 



84.6625 '' 

and their requirements in the way of oxygen will be — 

Carbon, 80 X 2| = 213.33 pounds 

Hydrogen, 4.6625 X 8 = 37.30 



it 



a 



250.63 

The weight of air containing the above quantity of oxygen 

. 250.63 

IS ^-ZTTZ = 108 1.7 pounds. The quantity required per 
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IO81.7 

pound of combustible will therefore be g — ^^— = 12.77 

pounds. As these constituents are part of a quantity of coal 

weighing 100 pounds when its elementary moisture is included, 

the amount of air necessary per pound of this particular coal 

. 1081.7 

is = 10.82 pounds. 

100 ^ 

For approximate calculation of the weight of air required 
for combustion the following formula may be used: 

Weight of air = 12C + 36(h - g-). 

In this equation the weights of carbon, hydrogen, and 
oxygen are represented respectively by their symbols, C, H, 
and O, the amount of hydrogen rendered inert by the oxygen 
in the fuel is allowed for, and the proportion of oxygen and 
nitrogen in the atmosphere is taken as one to four. 

As is evident by what follows, it is unnecessary, for prac- 
tical purposes, to compute with great exactness the weight of 
air necessary for the combustion of fuel; for the excess of air 
which is usually supplied, together with the variableness in 
the composition of fuel, render all ordinary calculations some- 
what approximate. It is therefore the common practice to 
estimate the approximate amount required, for either coke or 
coal (and with the same approximation for pure carbon), at 
12 pounds per pound of fuel. 

The air required per pound of fuel for various fuels of 
typical composition on a basis of 12 pounds per pound of 
carbon is shown in Table No. 12.* 

Air for Dilution. — The preceding calculations of air-supply 
are based upon the assumption that each individual atom of 
oxygen in the air comes in contact and unites with its propor- 
tion of hydrogen or carbon in the fuel. When it is considered 
that this oxygen is intimately united with about four times its 

* " A Manual of the Steam-engine." W. J. M. Rankinei 
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Table No. 12. 
air required for combustion of fuels. 





Weight of Giyen Constituent in x Pound of Fuel. 


Air Required 

per Pound 

of Dry Fuel. 

Pounds. 


Fuel. 


Carbon. 


Hydrogen. 


Oxygen. 


f^liormal Prom V70oH 


0.93 
0.80 

0.94 

0.915 

0.87 

0.85 

0.75 
0.84 

0.77 
0.70 
0.58 
0.50 
0.85 






II . 16 


From peat.. . 
r^ok^ txckCkA ........... 






9.6 
II .28 






Coal — Anthracite 

Dry bituminous.. 
CokincT 


0.035 

0.05 

0.05 

0.05 

0.06 

0.05 

0.05 

0.06 


0.026 

0.04 

0.06 

0.05 

0.08 

0.15 

0.20 

0.31 


12. 13 
12.06 

11.73 
10.58 

11.88 


CokincT 


Channel 


Dry, long-flaming 
Licrnite 


10.32 
930 
7.68 
6.00 


Peat drv 


^Vnnrf H rv .... ...•••• 


I^inerd.] oil • 






15.65 









volume of nitrogen, whereby it is to a certain extent separated 
from the fuel, and further that the variety in the arrangement 
of the fuel and the passages through it afifect any attempt at 
equal distribution of the air, it must be evident that the above 
assumption cannot ordinarily be maintained in practice. It 
therefore usually becomes necessary in practice to furnish 
sufficient air in excess of the calculated amount to insure 
complete combustion in all parts of the furnace. 

It has already been shown that one pound of pure carbon 
demands for its complete combustion 2f pounds of oxygen, 
which in turn is a constituent part of 11.51 pounds of air. If 
no air is supplied in excess of that chemically required, the 
final products of combustion will be 3f pounds of carbonic 
acid (consisting of one pound of carbon chemically united with 
2f pounds of oxygen) and 8.84 pounds of nitrogen (which, in 
mechanical combination with 2f pounds of oxygen, constituted 
the original 11.51 pounds of air). Had 100 per cent excess 
of air been supplied its weight would helve been 2 X 11.5^ = 
23.02 pounds, of which 2f pounds of oxygen would have 
united with the pound of carbon to form, as before, 3f pounds 
of carbonic acid. The remaining products of combustion 
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would be 1 1. 51 X 2 — 2.67 = 20.35 pounds of nitrogen and 
2f pounds of oxygen. In a similar manner it may be shown 
that with 200 per cent excess of air the carbonic acid would 
remain the same, but there would also be 29. 19 pounds of 
nitrogen and 5.34 pounds of oxygen. 

The relative proportions of these products of combustion 
of one pound of pure carbon with different amounts of air in 
excess are graphically indicated in the accompanying diagram, 
Fig. I. Here the volume of CO, has been taken as unity, and 
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E)C0E38 OF AIR SUPPLY OVER C>1EMICALREQU(R£ME;NT3. 

FIQ. 1. RELATIVE COMPOSITION OF PRODUCTS OF PERFECT COMBUSTION 

OF PURE CARBON WTTH VARIOUS WEIGHTS OF AIR IN EXCESS. 

it appears, for instance, that with no excess of air the total 
weight of all the products is — -^ — k~" =3*4^ times that of 

the carbonic acid alone. 

Evidently, the amount of air supplied for dilution must 
vary greatly in different cases. This is clearly shown by the 
results of numerous careful tests of different boilers by 
Messrs. Donkin and Kennedy. In each case the volume of 
air supplied was determined by chemical analysis of the fur- 
nace-gases, the results of which, together with the deductions 
relating to the amount of air supplied, are presented in Table 
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No. 13. It will be noted that the dry air supplied, per pound 
of coaly ranges from 16. i to 40.7 pounds, and that the corre- 
sponding ratio of air used to air theoretically required ranges 
from 1.56 to 4.28; that is, from 56 per cent to 328 per cent 
in excess. . The composition of the gases is given by weight. 

Table No. 13. 

ANALYSIS AND CALCULATIONS RELATING TO FURNACE-GASES AND 

AIR-SUPPLY. 



Analysis and Calculations. 



Per cent of COg 

Percent of CO... 

Per cent of O 

Per cent of N. .... , 

Pounds dry air per pound of C , 

Pounds dry air per pound of coal 

Ditto, per pound pure dry coal.. 

Pounds dry furnace-gases per pound 
pure dry coal 

Ratio of air used to air theoretically re- 
quired 







Number of Test. 




I 


II 


Ill 


IV 


V 


VI 


VII 


15.15 


13. 00 


x8.si 


XX. 71 


7.90 


10.44 


XI. 00 


a. 59 


0.00 


0.34 


0.00 


0.00 


0.38 


O.TO 


6.46 


XI. 15 


7.55 


13.13 


X7.00 


13.37 


X3.3O 


75.80 


75.85 


74.00 


75.16 


75 xo 


75.90 


75-70 


18.50 


37.60 


19.30 


30.70 


46.00 


33. »o 


33.30 


16.40 


24.40 


17.00 


37.30 


40.70 


39.30 


38.60 


16.90 


35.90 


17.50 


38.00 


43.30 


30.30 


39.60 


17-50 


35.80 


x8.io 


38.60 


43.80 


30.90 


30.30 


1.58 


3.40 


X.63 


3.61 


4.38 


S.83 


S.76 



VIII 



14.95 
0.38 

8.31 

76.46 
23.30 

30.60 

8X.30 
31.80 

1.98 



Analysis and Calculations. 



Per cent of COs 

Per cent of CO 

Per cent of O 

Per cent of N 

Pounds dry air per pound of C 

Pounds dry air per pound of coal 

Ditto, per pound pure dry coal 

Pounds dry furnace-gases per pound 
pure dry coal 

Ratio of air used to air theoretically re- 
quired 



IX 


XI 


XII 


XIII 


XIV 


XVII 


XIX 


8.60 


16.50 


x5.to 


17.94 


X4.90 


IX. 10 


"53 


0.00 


0.3I 


0.00 


I.03 


0.00 


0,00 


0.00 


14.40 


7.76 


8.80 


6.53 


6.60 


13. xo 


13.03 


77.00 


75.53 


76. xo 


74.51 


78.50 


75.80 


75.44 


43. xo 


31. 30 


a3.70 


18. 30 


34.00 


39.70 


31.20 


37 30 


xB.So 


31.00 


16.10 


31.30 


39.00 


37.6c 


38.60 


19.40 


3X.70 


X6.70 


33. 00 


30.00 


38.60 


39 so 


30.00 


33.30 


17.30 


33.60 


30.60 


39.30 


3.60 


X.81 


3. OS 


X.56 


3.05 


3.80 


3.67 



XX 



t8.88 

0.34 
585 

74.93 
18.30 

X6.30 

x6.8o 
17.40 

1.56 



Accepting 12 pounds of air, per pound of fuel, as in round 
numbers the amount necessary for combustion, the quantity 
required where 100 per cent is supplied for dilution, as is 
the commonly accepted condition in the case of natural draft 
and hand-firing, will be 24 pounds. But with forced draft the 
quantity of air required for dilution, as stated by Rankine,* 
** is certainly much less than that which is required in furnaces 
with chimney-draft ; and there is reason to believe that on an 



* " A Manual of the Steam-engine." W. J. M. Rankine. 
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average it may be estimated at about one half of the air 
required for combustion." That is, the total amount would 
be 1 8 pounds. 

This applies where hand-firing is the practice. But when, 
through the action of a properly applied mechanical stoker 
supplied with air under pressure, as by means of a fan, the 
bed of fuel is constantly maintained in the most suitable con- 
dition for utilizing the air supplied, the amount required for 
dilution is reduced to a minimum. This is particularly true 
when tlie stoker-grate provides special advantages for the 
equable distribution of the air. Recent tests by Whitham* 
show not only the decreased air-supply necessary with a good 
mechanical stoker, but also the reduction in the amount of air 
required per pound of fuel when a high rate of combustion is 
maintained by the use of forced draft. With a combustion 
of twelve pounds of buckwheat coal per square foot of grate 
per hour, the air was found to be 85.6 per cent in excess of 
that chemically required; while with a rate of 45.4 pounds 
almost perfect evaporative efficiency was secured when there 
was an actual deficiency of 11.2 per cent in the air-supply 
below the chemical requirements. Startling as this result 
appears, it is reported by an able expert engineer. It cer- 
tainly points toward the possibilities of reduced air-supply 
with mechanical draft. 

'* In almost all large boiler-furnaces," as stated by Gale,t 
*' a material improvement in economy may be made by cutting 
down the grate-surface and employing forced draft. Theo- 
retically, 12 pounds of air are sufficient to completely burn a 
pound of average coal ; but in practice, with large grate-sur- 
faces and weak draft, between 20 and 30 pounds are required. 
By the employment of forced draft and judicious proportion- 
ing of the furnace the quantity of air may be easily reduced 

* " Experiments with Automatic Mechanical Stokers." J. M. Whitham, 
Trans. Am. Soc. of Mech. Engrs., vol. xvii. 

f " Coal as a Source of Power." H. B. Gale. A paper read before the 
California Electrical Society, May 15, 1893. 
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to 1 8 pounds, with the result of a white heat in the furnace 
and better combustion, besides the saving of a great part of 
the expense of a high chimney." 

As the weight of dry air at 62° is 0.0761 pounds per cubic 
foot, the volumes corresponding to the above weights are as 
indicated in Table No. 14. 

Table No. 14. 

AMOUNT OF AIR REQUIRED FOR COMBUSTION. 



Weight of air 

Volume of air, exact 

Volumcof air, in round numbers 



Without Dilution. 



12 pounds 

157.7 cu. ft, 

150 cu. ft. 



With 50 per cent 
Dilution. 



18 pounds 

236.5 cu. ft. 

225 cu. ft. 



With ICO per cent 
Dilution. 



24 pounds 

315.4 cu. ft. 

300 cu, ft. 



The latter figures, given in round numbers, are those 
usually employed. 

An insufficient supply of air causes imperfect combustion 
of the fuel, which in bituminous coal is indicated by the 
production of smoke, and in coke and anthracite coal by the 
discharge of carbonic oxide from the chimney. An excess of 
air causes waste of heat to the amount corresponding to the 
weight of air in excess of that which is necessary, and to the 
elevation of temperature at which it is discharged from the 
chimney above that of the external air. Obviously, the 
maximum efficiency to be secured in the process of combus- 
tion is to be sought between these two extremes. 

Analysis of Flue-gases. — It is a comparatively simple 
matter, by means of the proper apparatus, to determine from 
samples the relative proportions of carbonic oxide, carbonic 
acid, and oxygen in the gases leaving a boiler-furnace. 

The Orsat apparatus,* most generally employed for this 
purpose, is shown in Fig. 2 in its portable form. As will be 
noted, it consists of three pipettes, P\ P'\ and P"\ in con- 



* Simple instructions for its operation will be found in *'Gas and Fuel 
Analysis for Engineers," by Augustus H. Gill. 
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ncction with a graduated burette, B, for measuring the volumes 
of gas and a levelling-bottle, A, to control the movement of 
the gases undergoing analysis. The pipettes contain respec- 
tively potassium hydrate for the absorption of carbonic acid, 
an alkaline solution of potassium pyrogallate to absorb the 
oxygen, and cuprous chloride to absorb the carbonic oxide. 
By means of the ievelling-bottle the sample of flue-gas is forced 
through the pipettes in the order named, and the amount 
absorbed by each is measured by means of the burette. The 




Fig. a.— Orsat's Gas Apr 
amounts by volume thus obtained may be readily transformed 
into amounts by weight by multiplying by the densities of the 
various gases. Although the residufe is almost entirely nitro- 
gen, it frequently contains small quantities of hydrogen and 
hydrocarbons, which are more difficult of determination. 

This apparatus gives results which are accurate to 0.2 o' 
one per cent. An analysis with a single apparatus requires 
about twenty minutes. By making use of two apparatus, and 
operating them together, two analyses can be made in about 
twenty-five minutes. 
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Much depends upon the care with which the gas-samples 
are collected. When the conditions permit, the arrangement 
devised by Hoadley and illustrated in Fig. 3 is serviceable. 
The gases pass from the flue A through ^-inch gas-pipes to 
the mixing'box B. From this box, indicated as ^ in the 
elevation, they are drawn through four tubes CC to the mix- 
ing-chamber Z>, and thence through £ to the aspirator. 




'^W 



3^ 



Fig. 3.— Hoadley's Gas- collecting Device. 
The aspirator or apparatus for producing suction may 
take either the form of a water-pump or a steam-pump, 
relatively very small in its proportions. The simplest 
apparatus for general use is the jet-pump, depending for 
its action upon a considerable head of water. A common 
type is the Richard's jet-pump or aspirator, which in its 
general construction and operation much resembles an or- 
dinary steam-boiler injector, and is very simply operated by 
the supply from an ordinary faucet. 



COMB us no j^. 43 

By means of the aspirator, acting as in the case of the 
Hoadley device to produce a partial vacuum in the mixing- 
chamber D^ a uniform flow of gas is induced through each of 
the tubes. The disposition of the ends of these tubes within 
the flue or chimney is such as to insure samples being taken 
from every part. These become thoroughly mixed before 
passing to the receivers, and being continuously collected are 
thus rendered average samples of the entire volume passing 
from the boiler. The mere taking of a sample from a single 
point, as when a single sample tube is employed, frequently 
brings about deceptive results. This is likewise true of 
samples collected only at considerable intervals. Ignorance 
or disregard of these facts will lead to much wasted effort on 
the part of the experimenter. 

Preparatory to analysis, the gas may be finally collected 
in a series of sample bottles which, being originally filled with 
water and hence devoid of air, are gradually emptied and the 
space filled by the inflowing gas. When everything is ready 
for analysis water is again caused to flow into the bottle, there- 
by expelling the gas and forcing it through the gas apparatus. 
A fair idea of the variety in the composition of the gases 
from different coals is presented by Table No. 15, in which 
are given the results of analyses by Bunte. The coals from 
which the gases were collected were burned in a special 
experimental apparatus. 

Calculation of Air-supply from Gas-analysis. — Disre- 
garding the small proportion of hydrogen and hydrocarbons 
which may be present in the gases, the residue may be con- 
sidered as free nitrogen. Knowing, the proportion in which 
it is associated with oxygen to form air, the original amount 
of air supplied may be calculated from the composition of the 
gases. 

To illustrate the method of calculation, take for instance 
the result of an analysis showing 11.5 per cent of carbonic 
acid, 0.9 per cent of carbonic oxide, and 7.4 per cent of free 
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Table No. 15. 
composition of gases from different coals. 



Coal from the Ruhr 

Do. 

Do. 

Do. 

Do. (grate more open). 
Do. Do. 

Coal from Saarbruck: Koenig.. 
** ** Tr6mosna: Bohemia 
'* " Hausham: Bavaria. 
•* ** Miesbach: Bavaria. 



4< 
<l 

«< 

l< 

<< 



• « 



t< 



II 



II 



<l 



14 



Bohemiac 



the Ruhr : General 

Erbstolln 

the Ruhr : Gelsen- 

kirchen 

Saarbruck : Saint- 

Ingbert 

Saarbruck : Mittel- 

bexbach 

Saarbruck : Heinitz 



Min. and 

Max. 

of Air. 



** *• Saarbruck: mixed 



•* *• Bohemia. 



«• II 



<« II 



< t 



Saxony. 



•* •* Silesia 

** •* Bavaria : Peissen- 
berg .* 

Lignite from Bohemia 

Coke from Saarbruck 



CO, 



10.26 
16.45 
13.40 

11.45 
8.15 

6.12 
15.12 

7.07 
13.78 

7.94 
10.48 

5.71 
11.46 

542 
17.48 
12.20 
16.45 

3 95 
10.46 

5.44 
10.73 

7.48 

13-30 
8.44 

14.62 
6.49 

10.22 
8.21 



CO 



H 



O.OI 

1.45 
0.30 
0.78 
O.OI 
O.IO 
1.02 
0.00 
0.16 
0.09 
0.19 
0.08 
0.07 
0.02 
0.06 
0.30 

1.45 
0.00 

O.II 
O.IO 

0.30 

O.IO 

0.33 

0.16 
1. 00 
0.06 
0.07 
0.02 

0.33 

0.07 
0.08 
0.05 
0.30 
0.09 
0.04 
0.09 

0.79 
0.13 

0.60 
o 23 
0.09 
0.00 



10.00 
1.52 
6.52 

7.27 

11.60 

14.21 

2.64 

12.57 

1. 10 

11.03 

9.28 

14.86 

8.66 
IS- 00 

3-13 
7.87 
1.52 
16.41 
8.58 

14.15 

7.36 

II. 91 

4.13 
10.58 

2.07 

12.70 

8.57 
10.64 

1.67 

9.69 

9-47 
12.70 

4.36 
11.53 

7.45 
10.73 

2.93 

10.57 
2.92 

13-15 
4.16 

10.87 



N 



79.20 
78.64 

79-30 
79.28 
80.14 
78.68 
80.13 
80.25 
80.27 
80.91 
79.98 
79.21 
79-74 

79.53 
78. 12 

• 

78.64 
79-58 
80.74 
80.19 
81.46 
80.44 
81.63 
80.63 
80.24 
80.68 
80.92 
81.09 
81.66 
81.68 
80.68 
80.14 
81.21 
80.62 
81.22 
81.01 
80.86 
81.38 
80.53 
80.10 
80.75 
81.09 
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oxygen, all by volume. Evidently, the nitrogen being the 
only other constituent of the flue-gases which is of importance, 
it must be present in suflicient quantity to make up the unit 
volume of gas. Its volume will therefore be 

\QO — (11.5 + 0.9+ 7.4) = 80.2 per cent. 

In the calculation of the weight of nitrogen and of air- 
supply, it is convenient to treat the percentages by volume as 
the number of cubic feet of the several gases in 100 cubic feet 
of flue-gas. Referring to Table No. 11 for the proper 
volumes, as therein given, the composition of the flue-gas by 
weight appears to be — 

Gas, ^ Volume. Density. Weight. 

Carbonic acid 11. 5 0.12341 1.4192 

Carbonic oxide 0.9 0.07806 0.0703 

Oxygen 7.4 0.08928 0.6607 

Nitrogen . 80.2 0.07837 6.2853 

As the atomic weights of carbon and oxygen are respec- 
tively 12 and 16, it is evident, as is shown by the following 
simple calculation, that in one pound of carbonic acid the 
oxygen constitutes 

2 X 16 _32_ ^ 
12 + (2 X 16) 44"" II 

of the weight, the remaining ^ being carbon. In a similar 
manner, it appears that one pound of carbonic oxide is com- 
posed of 

16 _ 16 __ 4 
12 + 16 "" 28 ~" 7 

of a pound of oxygen and f of a pound of carbon. Therefore 
the weight of oxygen in. 100 cubic feet of the above-stated 
flue-gases would be — 
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In the carbonic acid, VV X 1.4192 = 1.0322 pounds 
In the carbonic oxide, 4 X 0.0703 = 0.0402 
Free oxygen. 0.6607 






Total weight of oxygen i«733i pounds 

and the weight of carbon would be — 

In the carbonic acid, f^" X 1.4192 = 0.3870 pounds 
In the carbonic oxide, f X 0.0703 = 0.0301 






Total weight of carbon 0.4171 pounds 

As the air consists, by weight, of 0.2317 parts of oxygen, 
the sribove-estimated weight of oxygen would be contained in 

I-733I « , r . 

= 7.48 pounds of air, i 

0.2317 ' '^ ^ 

and the supply of air per pound of carbon, the combustion of 
which resulted in flue-gases having the composition given upon 
the preceding page, must therefore have been 

7.48 

= 17.93 pounds. 

0.4171 ' ^^ ^ 

If the coal from the combustion of which these gases 
resulted had contained 85 per cent of carbon, 3.7 per cent of 
hydrogen, and 2.4 per cent of oxygen, the air-supply per 
pound of coal would be calculated as follows : The supply of 
air per pound of coal, disregarding the oxygen and hydrogen 
present therein, would be 

0.85 X 17.93 = 15.24 pounds. 

But on the basis already established, that the oxygen in 
the fuel renders inert one eighth of its weight of hydrogen, 
and the remnant is available for combustion, there would be 
added to the air per pound of coal 

/ o.024\ 
36^0.037 g — j = 0.468 pounds, 

making the total air-supply per pound of coal 

15.24 + 0.468 = 15.708 pounds. 
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Measurement of Air-supply by Anemometer. — The 
direct method of determining the volume and equivalent 
weight of air entering the ash-pits by natural or induced 
mechanical draft consists in ascertaining the velocity by 
means of an anemometer and multiplying this velocity by the 
area of the opening. An ordinary form of this instrument is 
that shown in Fig. 4. It consists of a light and delicately 




■Abemometer. 



constructed fan-wheel whose motion is transmitted to a prac- 
tically frictionless system of gearing within the attached case. 
The movement of this mechanism is rendered evident by the 
hands and graduated circles upon the dial, the velocity of the 
air in feet per minute being indicated thereon by the differ- 
ence in readings at stated intervals. Such an instrument 
always requires correction, and should be frequently cali- 
brated to secure reliable results. 

As applied for determining the velocity of air entering the 
ash-pit of a boiler, it should be placed well within a pipe 
several feet in length, fitted to the ash-door opening, and of 
an area at least equal to that of the opening. Readings may 
be taken through glazed openings in the sides of the pipe 
opposite the anemometer, which should be supported at a 
predetermined point within the pipe. 

It is unlikely with the ordinary boiler that such determina- 
tion of air-supply will check very closely with that revealed 
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by the gas-analysis because of incidental leakage which may 
occur through settings and doors, between the point of meas- 
urement by the anemometer and the place at which the gas- 
sample is collected. 

Heat of Combustion. — To determine the amount of heat 
which a given combustible generates requires a somewhat 
complicated apparatus and considerable care and experience 
in its operation. Such an apparatus consists of two essential 
elements, a combustion-chamber and a calorimetric bath 
within which it is immersed. 

Many forms of fuel-calorimeters have been devised, but 
among the best is that of Mahler.* The combustion-chamber, 
familiarly known as the " bomb," is of the 
form illustrated in Fig. 5. TTie shell is of 
steel and capable of withstanding great in-' 
ternal pressure. A small known quantity of 
the combustible to be experimented upon is 
placed in the tray. The cap 5 is made 
tight by means of the lead washer P, and by 
manipulation of the valve-screw R, oxygen is 
admitted through N. The bomb is then 
placed in the bath shown in Fig. 6, contain- 
ing a known quantity of water, the combusti- 
ble is ignited by means of an electric current 
passing through one of the suspension-rods of 
' the tray, and the increase in the temperature 
of the water in the bath is noted. After due 
correction there is thus determined the number of thermal 
units generated during the process of combustion. f The 
number of British thermal units developed by the complete 
combustion of a given substance is denominated its heat of 




Fig. 5. 



* The description of this apparatus as giver by him before the Sodfite 
d'Encouragemert de Paris in 1892 has been translated and ia to be found in 
" The Calorific Power of Fuels,"' by Herman Poole. 

f For detailed instructions for operation, see " Gas and Fuel Analysis 
tor Engineers," by Augustus H. Gill- 
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combustion. Evidently the calorific powers of various com- 
bustibles as determined by different experimental methods 
cannot be expected to perfectly agree. In round numbers 




the commonly accepted values for the specified substances are 
as given below. 

As determined by the most recent and refined calorimetric 
tests, the heat of combustion, as measured by the number of 
British thermal units that are given out upon the combustion 
of one pound of a given substance, is for each of the fol- 
lowing — 

Carbon burned to CO, 14,650 B. T. U. 

Carbon burned to CO 4.400 

Hydrogen 62,100 

Marsh-gas 23,513 

defiant gas ... 21, 343 

Carbonic oxide burned to CO, .... 4,393 

The great loss of heat, due to the incomplete combustion 
of carbon, is clearly presented in the differences between the 
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total heat of perfect combustion of carbon to CO, (viz., 14,650 

B. T. U.) and that of carbon to CO (viz., 4400 B. T. U.); the 

latter being the product of. incomplete combustion, as already 

stated in a previous section. 

One pound of carbon, when imperfectly burned, produces 

• 12 -U 16 
^2- — = 2} pounds of carbonic oxide. If this quantity of 

rgas be burned to form carbonic acid, the total amount of heat 

•given out will be 14,650 — 4400 = 10,250 B. T. U. ; showing 

that ultimately the carbon gives out its full heat-value no 

matter what the order of formation of the carbonic acid may 

have been, whether by direct union of carbon and oxygen, or 

through the intermediate agency of the carbonic oxide. As 

the 10,250 B. T. U. are given out by 2\ pounds of carbonic 

10,250 
oxide, its heat- value per pound is, evidently, — ^-j — = 4393 

B. T. U. 

Calculation of the Heat of Combustion. — From the 
Icnown composition of a given fuel its heat of combustion may 
in a simple manner be approximately calculated. For such 
approximation it is customary, to disregard that portion of 
the hydrogen for which there exists in the fuel a sufficient 
amount of oxygen to form water. The remainder of the car- 
bon and hydrogen thus becomes available for producing heat, 
and may be introduced in an approximate formula, based upon 
that for estimating the air required for combustion. Disre- 
garding the effect of inherent nitrogen and sulphur, this 
formula may be thus expressed : 

Heat, in B. T. U., = 14,650 C + 62, loofn — ^), 

in which the weights of carbon, hydrogen, and oxygen in one 
pound of fuel are respectively represented by their symbols, 

C, H, and O. 

This formula, applied to the determination of the heat of 
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combustion of the Maryland semi-bituminous coal in Table 
No. lOy appears as follows: 

Heat, in B. T. U., = 14,650 X 0.80 + 62,100^0.05 ~T^ 

= 14,615. 

Theoretically, the total calorific value, as determined by 
the calorimeter and as calculated from analysis, should agree. 
But, on the one hand, there is opportunity for error or im- 
perfection on the part of the calorimeter ; while, on the other, 
the formula employed for calculation from the analysis may 
fail to make due allowance for heat lost in dissociation, or may 
not properly recognize the influence of minor constituents. 
In both cases there is great difliculty in obtaining similar 
samples. This accounts for differences which frequently exist 
in reported results. Thus the calorimetric tests of Scheurer- 
Kestner were about ten per cent, on an average, higher than 
the analyses; while results reported by Dean* show the 
calorific value, as determined by calorimeter, to be about six 
per cent less than that calculated from the test. A compari- 
son of the results obtained by these two methods of determi- 
nation is presented in Table No. 16, from the tests of Mahler 
on various American and foreign coals. 

In boiler-practice, owing to the opportunities for loss of 
heat through radiation, heat carried off by flue-gases, incom- 
plete combustion, etc., the maximum efficiency attainable 
with the best possible boiler and warm-blast or feed-water 
heating apparatus appears to be about 90 per cent. Under 
ordinary conditions with good coal the efficiency may be 
assumed to average from 60 to 70 per cent, and with poor 
coal from 50 to 60 per cent. It is therefore customary, for 
rough figuring, to consider the available heat of combustion 
per pound of fuel to be ordinarily from 10,000 to 12,000 
B. T. U. 

* Transactions Am. Soc Mech. Engineers, vol. xvii. p. 285. 
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Table No. 16. 



HEAT OF COMBUSTION OF FUELS. 



Kind of Fuel. 



Anthracite, from Pennsylvania.. 
Semi-anth., from Commentry . . . . 
Semi-bituminous, from Aniche . . 

Bituminous, from Anzin 

Wigan cannel coal 

Lignite, from Styria 

Coke, Pennsylvania anthracite . . 





Analysis. 






• 
* 


xclud- 
Asb. 










er cent of Volal 
Matter Exclusi 
Water and Ash 


«0Q 

9 


V c 

3 c« 












• 

a 

1 


• 

a 

^ 


xygen and 
Nitrogen. 


ydroscopic 


• 


alorific Val 
Observed. 


alorific Val 
ing Water 
B. T. U. 


U 


X 





X 


< 


&< 


U 


U 


86.456 


1-995 


2.199 


3-450 


5.900 


3.00 


13471 


X4861 


84.928 


2.893 


5005 


1-775 


5.400 


3.19 


14130 


15221 


85 -937 


4.198 


5.240 


0.625 


4.000 


i«-93 


15x67 


15901 


83-754 


4- 385 


5.761 


1. 100 


5.000 


21.51 


14492 


15433 


78.382 


5.060 


5.058 


0.600 


10.900 


31.64 


13970 


15682 


65-455 


4.782 


24.303 


0.710 


4-750 


50.34 


13111 


11963 


91.036 


0.685 


2.146 


0.233 


5.900 


68.93 


13550 

1 


14465 



V 

s . 

u W 
O (« 

U 



15210^ 
15048 
15638- 
15640. 
16220 
11893 
«4540 



The total heat of various fuels will be shown in succeeding 
tables. 

Ideal Temperature of Combustion. — From the known 
total and specific heats of combustibles may be calculated the 
temperature which would result from their combustion if all 
possible losses were prevented. In ordinary practice those 
losses must occur and the efficiency of fuels be reduced 
thereby. It is therefore impossible to attain in practice the 
full ideal temperature. The general properties of the sub- 
stances entering into a discussion of the combustion of fuels 
are given in Table No. 17. 

It has already been shown that one pound of carbon, 
burned to carbonic acid, requires 2f pounds of oxygen. 
Hence the total product of combustion of one pound of carbon 
= 3f pounds, as is also evident by the following calculation 
based upon the atomic weights: 



^ ;i 



12 + (2 X 16) . , 

— = 3* pounds. 



•>: 
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Table No. 17. 
properties of substances concerned in combustion. 
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Substance. 


Symbol. 


Atomic 

or Molecular 

Weight. 


specific 
volume. 


Specific Heat 

in a Gaseous 

Condition. 


Density of 

Weight per 

Cubic Foot. 

Pounds. 


Hydrogen 

Carbon ..«...••••• 


H 

C 

N 

O 
CO 
CO, 
H,0 


I 
12 

14 
i6 

12 -f- i6 
I2+2X l6 
2-f- l6 


178.881 


3.409 


0.00559 


Mitrofiren. ■■>■■• •.. 


12.7561 
11.2070 
12.81 
8.10324 


0.2438 
0.2175 
0.2450 
o.2r69 
0.4805 

0.2375 
0.2 


0.07837 
0.08928 
0.07806 
0. 12341 


■Oxvcyen ..■.>■«•.. 


Carbonic oxide .... 

Carbonic acid 

Water 


Air 


12.3909 


0.08071 


Ash 

















It has further been shown that a total of 1 1.51 pounds of 
air is required to furnish 2\ pounds of oxygen. Therefore 
the total weight of the products or results of combustion must 
be 12.51 pounds, and the weight of the nitrogen alone 12.51 
— 3-| = 8.84 pounds. As the specific heat of a substance is 
a measure of the number of thermal units necessary to raise 
its temperature through one degree, the total number of units 
required to raise through one degree the products of combus- 
tion of one pound of carbon, with the associated nitrogen, may 
be determined thus: 

Weight, specific Heat. B. T. U. 

Carbonic acid 3f X 0.2169 = 0.7953 

Nitrogen 8.84X0.2438 = 2.1552 



B. T. U. per degree 2.9506 

As one pound of carbon in the process of burning gives 
out 14,650 B. T. U., and as it requires 2.9506 B. T. U. to 
raise through one degree the products of combustion, includ- 
ing the accompanying nitrogen, the ideal temperature result- 
ing from the combustion of one pound of carbon must be 
14,650 -5- 2.9506 = 4965°. In the same manner the ideal 
temperature of combustion of hydrogen may be calculated, 
and as it makes no difference in the temperature whether the 



(( 
it 
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oxygen required for this union is derived from the original 
constituents of the fuel or from the atmosphere, the entire 
amount of hydrogen in the fuel is taken into account. 

For the purpose of illustrating the process of approximate 
calculation, the Maryland semi-bituminous coal in Table 
No. lo may be again considered. The important constituents 
of this coal, expressed in per cent of one pound of coal, are: 

Carbon 80.0 per cent 

Hydrogen 5.0 

Oxygen 2.7 

Nitrogen i . i 

For simplicity the ash and sulphur may be disregarded, 
and also the latent heat of the steam formed by the combina- 
tion of hydrogen and oxygen. The heat of combustion of 
this coal has already been calculated as 14,615 B. T. U. By 
the process explained in the section on ** Air Required for 
Combustion," it has also been shown that, for the total com- 
bustion of the carbon and hydrogen contained in one pound 
of this coal, there are required 10.82 pounds of air, of which 
2.51 pounds will be oxygen and 8.31 pounds will be nitrogen. 
This amount of nitrogen, added to that already in the coal, 
makes the total 8.31 + i«i = 9»4i pounds. 

The total amount of carbonic acid produced by the union 

of oxygen with 0.8 pounds of carbon is 3f X 0.8 = 2.933 

pounds, and as the total products of combustion of one pound 

2+16 
of hydrogen are = 9 pounds, the weight of the 

products of combustion of the hydrogen in the coal will be 
9 X 0.05 = 0.45 pounds. Hence the thermal units required 
to raise each of these combustibles through one degree are : 

Weight, specific Heat. B. T. U. 

Carbonic acid 2.933 X 0.2 169 = 0.6362 

Water 0.45 X 0.4805 = 0.2162 

Nitrogen 9.41 X 0.2438 = 2.2942 

1 oral ij. I* u***«« •0**««a«. ••••••.••• 3* 1400 
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The ideal temperature of combustion, therefore, appears 
to be 

14,615 -i- 3.1466 = 4645. 

If, for the purposes of dilution, there had been provided 
50 per cent of air in excess of that theoretically required for 
complete combustion, the amount of heat necessary to raise 
the temperature of the products of combustion through one 
degree would have been increased, and the final temperature 
reduced, as is evident from the following: 

Weight. Specific Heat. B. T. U. 

10.82 

50 per cent air for dilution, — - — = 5.41 X 0.2375 = 1.2849 
Products without dilution as above. ••••.•• =3. 1466 

TotalB.T.U 4.4315 

and 14,615 -T- 4.4315 = 3296"^. The cooling effect of the air, 
which is absolutely necessary for dilution, is thus made evident 
by a decrease of 4645 — 3296 = 1349** when it is only 50 per 
cent in excess. 

While the temperature of combustion of a complex fuel 
may be calculated with much greater refinement by taking 
into account all of the minor constituents, the results thus 
obtained are practically of but little more value than those 
derived from this approximate method ; for local conditions 
in boiler-practice always have considerable effect in reducing 
the actual temperature to somewhat below the ideal. 
Hoadley,* in carefully conducted tests with a water-platinum 
calorimeter, found in the heart of the fire under an ordinary 
boiler a temperature of 2426°, the coal consisting of 82 per 
cent of carbon, and the supply of air being 21.4 pounds per 
pound of coal. Immediately above the fire, and at the bridge- 
wall, the temperature rapidly decreased through losses by 
radiation and conduction to the walls and the water in the 
«■ ' ■ . ■ ■ — - ■ I ■ 

* •* Warm-blast Steam-boiler Furnace." J. C. Hoadley. 
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boiler, so that the corresponding temperature at the bridge- 
wall was only 1341°. 

The ideal temperature of combustion of the Maryland 
semi bituminous coal, with different degrees of dilution, as 
determined by calculation in the manner already indicated, is 
presented in Table No. 18. 

Table No. 18. 

IDEAL TEMPERATURES OF COMBUSTION WITH DIFFERENT 

DEGREES OF DILUTION. 



PercenUfire of Dilution. 


Ideal Temperature. 


Loss of Temperature due 
to Dilution. 





4645° 
3296 

2557 
2087 




50 
100 
150 


1349 
2088 

2558 



These figures indicate only the increments of temperature 
under the given conditions; hence, to obtain the actual 
thermometric temperature, they must be increased by the 
initial temperature of the air. Thus, if the air is supplied at 
62®, the ideal temperature, with 100 per cent dilution, would 
be 2557 + 62 = 2619°, while if the air had been previously 
heated by special means to 300®, it would be 2557 + 300 = 
2857^ 



CHAPTER IV. 
FUELS. 

Definition. — Fuels may be defined as those substances 
which, by means of atmospheric air, can be economically 
burned to generate heat. The principal constituent of all is 
carbon, with which hydrogen is usually associated. They 
may be broadly classified as natural and artificial. 

Natural Fuels. — Natural fuels are such forms of carbon 
and its compounds with hydrogen as occur distributed in 
nature, either as products of existing organic life or as the 
fossilized remains of a prehistoric growth. Under this head- 
ing are included the varieties of wood, coal, mineral oil, and 
natural gas. The solid fuels may be classified as follows : 



Wood. 
Peat. 



Coal. " 



Lignite. 

t Non-caking, rich in oxygen. 
Bituminous, -j Caking. 

( Non-caking, rich in carbon. 
Anthracite. 



Artificial Fuels. — Artificial fuels comprise those forms of 
carbon or its compounds with hydrogen which owe their 
origin to some process of manufacture, but are not commonly 
found distributed in nature. These are generally obtained 
from natural fuels by some special process; as, for instance, 
charcoal from wood, coke and volatile hydro^rbons from 
coal. Artificial fuels include the various attempts to cement 
together, in the form of blocks or briquettes, such combustible 
refuse as is too small to be otherwise profitably consumed. 
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The products of carbonization may be classified as follows: 



Products of 
Carbonization. 



\ 



\ 



Wood — Charcoal. 
Peat- 
Coke. 



r ( 

Solid. i Peat — Charcoal. 



:ile. \ 



Carbonic oxide. 
Volatile. \ Hydrogen. 

Hydrocarbons. 



Wood. — Although the term *'wood*' broadly includes 
all substances of vegetable fibre which have not undergone 
geological changes, it applies directly to the fairly compact 
substance which constitutes tree trunks and branches. With 
reference to its heating- power, wood under this definition may 
be classed as hard and soft. Hard woods include the oak, 
hickory, maple, beech, and walnut; and soft woods, the pine, 
elm, birch, chestnut, poplar, and willow. When freshly cut, 
wood contains nearly 50 per cent of moisture, which seriously 
reduces its calorific value. Through the process of air- or kiln- 
drying the amount of moisture may be brought down, to from 
10 to 20 per cent. 

The average chemical composition of different kinds of 
wood and their calorific values are given in Table No. 19. 

Straw and Tan. — Evidently straw can be economically 
employed as a fuel only where the supply is directly at hand 
and the cost of other fuel is excessive. 

Straw of average composition weighs, when pressed, 6 to 
8 pounds per cubic foot. Oak bark, after having served its 
purpose as a tanning agent, thereby becoming spent tan and 
consisting only of the fibrous portion of the bark, is used as a 
fuel, but only under the economical conditions which hold in 
the use of straw as a fuel ; that is, when the tan is readily 
^accessible and its total cost when placed in the furnace is less, 
for a given result, than that of other available fuels. In the 
process of tanning the bark loses about 20 per cent of its 
weight. Perfectly dry tan, containing 15 per cent of ash, has 
a heating-power of 6icx) B. T. U. ; while tan containing 30 
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Table No. 19. 

COMPOSITION AND CALORIFIC VALUE OF WOOD, TAN, AND STRAw. 



Name. 



Beech, 



Oak. 



Birch. . 
Poplar. 
Willow. 



Average for wood. 



Wheat straw. 
Barley <* . 



Mean for straws, 



Carbon. 



49.36 
49.64 
50.20 

49.37 
49.96 



49.70 

35.86 
36.27 



Hydrogen 



6.01 

5.92 
6.20 
6.21 

5.96 



36.06 



6.06 

5.01 

5.07 



Oxygen. 



42.69 
41.16 
41.62 
41.60 
39 56 



5.04 



41.30 

37.68 
38.26 



37.97 



0.40 



0.42 



Nitrogen. 


Ash. 


0.91 


1.06 


1.29 


1.97 


1. 15 


0.81 


0.96 


1:86 


0.96 


3.37 


1.05 


1.80 


0.45 


5.00 



4.50 



4.75 



Water. 



16.00 



15.50 



15.75 



Calculated by formula already presented, the calorific value of wood of 
the average composition above given is 7838 B.T.U. 

Perfectly dry tan containing 15 per cent of ash has a calorific value of 
6100 B.T.U., while that of tan containing 30 per cent of water is 4284 
B.T.U. 

Straw of mean composition given above has a calorific value, deducting 
the heat lost in evaporating its constituent water, of 5155 B.T.U. 
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per cent of water — its usual condition of dryness — has a 
calorific value of only 4284 B. T. U. 

The composition and calorific power of straw and tan are 
given in Table No. 19. 

The conditions of success in burning tan, as is the case 
with all wet fuel, consist in completely surrounding it with 
heated surfaces and burning fuel so that it may be rapidly 
dried, and then so arranging the apparatus that thorough 
combustion may be secured. 

Bagasse. — The term ** bagasse," or megass, is generally 
understood to apply to that portion of the sugar-cane which 
is left after extracting the juice. As the methods of extrac- 
tion give results varying all the way from 40 per cent to 80 
per cent, it is evident that it includes substances differing 
greatly in composition. In its broadest sense it may, there- 
fore, be taken as meaning the refuse discharged from the cane- 
mill or diffusion process, whether it comes from a mill giving 
40 per cent extraction and leaving 70 per cent of moisture, or 
whether it be the air-dried bagasse of the tropics with only 10 
per cent of moisture. 

Mill-bagasse is the refuse left after the juice has been 
extracted by means of the mill-rolls. Diffusion-bagasse is the 
material remaining after a series of soaking processes for which 
it has been chopped into small pieces, and whereby the sac- 
charine matter has diffused itself throughout the mass of water 
in which the cane has been placed. The original cane, and 
likewise the bagasse, consist of woody fibre, water, and com- 
bustible salts; but, naturally, the squeezing process reduces 
the percentage of liquid matter, and proportionately increases 
the relative amount of fibrous material in the bagasse. Upon 
the fibre, which is principally carbon, the value of bagasse as 
a fuel largely depends. In tropical canes it constitutes in 
round numbers about 12 per cent of the original cane, while 
in Louisiana cane 10 per cent is a fair average. Tropical cane 
and the bagasse therefrom have the composition given in 
Table No. 20. 
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Table No. 20. 
composition of tropical cane and bagasse. 



Constituents. 



Woody fibre ........ 

Water... 

Combustible salts. . . 



Cane. 



12.5 

73.4 
14. 1 



Bagasse. 



66 per cent 
Extraction. 



37 

53 
10 



70 per cent 
Extraction. 



40 
50 
10 



7a per cent 
Extraction. 



45 
46 

9 



The proportional composition of Louisiana bagasse is 

clearly shown, for different degrees of extraction, in Table 

No. 21. 

Table No. 21. 

COMPOSITION OF DRY LOUISIANA BAGASSE. 



Constituenu. 


Percentage. 


Volatile matter 


81.37 
14.26 

4.6 


Fixed carbon 

Ash 





Carefully conducted calorimetric tests of bagasse, when 
under different conditions, by Atwater, give the heat-values 
which are indicated in Table No. 22. 

Table No. 22. 

CALORIMETRIC TESTS OF BAGASSE. 



Description. 


Per cent 
Moisture 

in 
Sample. 


B. T. U. 

per 
Pound as 
Receiyed. 


B. T. U. 
per Pound. 
Dry Matter 

from 
Preceding 

Column. 


B. T. U. 

per Pound. 

Dry Matter 

by 

Actual 

Test. 


Purple cane exhaust-chips, direct 

fmm Hiffiision-ba.tterv.. ........ 


90.36 

90.54 

73.34 
69.62 


799 

873 
1966 

2547 


S288 
9229 

7373 
8384 


8320 

8289 
8309 
8384 


Striped cane exhaust-chips, direct 
frnm diffusion-batterv.. 


Purple cane exhaust-chips, passed 
through laboratory-mill 

Striped cane exhaust-chips, passed 
through laboratory-mill 


A v^rfl.cres ....................... 






8319 


8325 


x& vci a{^^9. •.....•.«•«..•.••.••.•• 
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This table serves to show the serious effect of contained 
water upon the heat-value of the bagasse of different extrac- 
tions. This effect is to be expected, for all of the water in 
the bagasse must when employed as fuel be vaporized before 
the combustible matter can be consumed, and in the process 
of vaporization an enormous amount of heat is rendered latent, 
and thus lost to the furnace so far as heating effect is con- 
cerned. 

The only method available in estimating the fuel-value of 
the different extractions of mill-bagasse is that based upon the 
assumption that bagasse consists of two substances, fibre and 
juice, and that this juice has the same composition as that 
which has already been extracted. To obtain a heat-value for 
juice, it must be divided into sugar and molasses. Thus, for 
instance, an average cane consisting of — 

Fibre lo per cent 

Sucrose 12 '* 

Glucose 2 ** 

Solids — not sugar i *•' 

, Water c 75 



Juice- 



(< 



100 per cent, 

will, upon passing through a mill giving an extraction of 75 
per cent, be reduced to bagasse, the weight of which will be 
only 25 per cent of the original cane of which it formed a 
part. 

The proportional composition in per cent of the weight of 
the original cane and of the resulting bagasse will then be as 
presented in Table No. 23. 

Calorimetric tests of molasses, sugar, and fibre indicate the 
following values: 

Molasses ,6956 B.T.U. 

Sugar ,7223 

Fibre ,832s 
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Table No. 23. 



COMPOSITION OF MILL BAGASSE. 



Constituents. 



Water 

Fibre 

Sugar 

Molasses (dry matter only) 



In per cent of 
Original Cane. 



12.75 
10. o 

1-5 
0.75 



25.00 



In per cent of the 
Resulting Bagasse. 



51 
40 

6 
3 



100 



In Table No. 24 the total heat-values are based upon those 
of the constituents given above, and a fair sample of Pennsyl- 
vania coal having a heat-value of 14,000 B. T. U. is taken as 
the basis of comparison with coal. 

Table No. 24. 

VALUE OF one POUND OF MILL BAGASSE AT DIFFERENT EXTRAC- 
TIONS UPON CANE OF lO PER CENT FIBRE AND JUICE OF 15 
PER CENT TOTAL SOLIDS. 





















Ia^ 


■ 


• 


e 





Is 


er cent Moisture, in 
Bagasse.* 


Fibre. 


Sugar. 


Molasses. 


otal Heat Developed 
B. T. U. 


[eat Required to Eva] 
orate the Water Pre 
ent. B. T. U. 


• 

H 

• 

1 

< 

V 


ounds Bagasse re- 

?uired to equal z lb. 
bal of Z4.000 B. T. L 
Calorific Power. 


oal Equivalent per T 
of Cane. Pounds. 


• 


er cent Extract 
on Weight of Ca 


er cent in 
Bagasse. 


uel Value. 
B. T. U. 


er cent in 
Bagasse. 


uel Value. 
B. T. U. 


er cent in 
Bagasse. 


uel Value. 
B. T. U. 


emperature of F 
Fahrenheit. 


(i* 


PU 


Oi 


h 


PU 


U. 


PU 


{c 


H 


?: 


X 


PU 


U 


h 


ts 


0.00 


xoo.oo 


8335 
5550 










8325 
5900 




8325 
5561 


Z.68 


1X9 
119 


34650 
3336 


28.33 


66.67 


3-33 


340 


Z.67 


116 


339 


a. 53 


80 


42.50 


50.00 


4163 


5.00 


361 


3.50 


174 


4697 


509 


4188 


3-34 


Z30 


3023 


75 


5X.00 


40.00 


3330 


6.00 


433 


3.00 


309 


3972 


6zi 


3361 


4.17 


120 


1862 


70 


56.67 


33-33 


2775 


6.67 


483 


3.33 


333 


3489 


679 


3810 


4.98 


Z30 


1732 


65 


60.71 


28.57 


3378 


7.15 


516 


3-57 


348 


3142 


737 


2415 


5.80 


131 


1612 


60 


63.75 


25.00 


3o8i 


7.50 


541 


3-75 


361 


2883 


764 


31x9 


6.6z 


131 


1513 


55 


66.13 


33.33 


1850 


7.78 


563 


3.88 


370 


3683 


793 


1890 


7.40 


I3Z 


T427 


50 


68.00 


30.00 


1665 


8.00 


578 


4.00 


378 


2531 


815 


Z706 


8.31 


133 


1350 


45 


69.55 


z8.i8 


I5I3 


8.z8 


591 


4.09 


384 


3388 


833 


»555 


9.00 


133 


1284 


40 


70.83 


16.67 


1388 


8.33 


60Z 


4.17 


290 


3379 


849 


1430 


9-79 


123 


1322 


25 


73.67 


'3-33 


mo 


8.67 


636 


4.33 


30X 


3037 


883 


"54 


Z3.Z3 


134 


1077 


15 


75.00 


11.77 


q8o 


8.83 


637 


4-41 


307 


1934 


899 


1035 


Z3.66 


Z34 


1002 





76 50 


zo.oo 


833 


9.00 


650 


4.50 


313 


1795 


9z6 


879 


»S-93 


136 


906 



In somewhat abbreviated form the fuel-values of one 
pound of diffusion-bagasse, at various degrees of moisture, 
are given in Table No. 25. 
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Table No. 25. 



FUEL VALUES OF ONE POUND OF DIFFUSION BAGASSE AT VARIOUS 

DEGREES OF MOISTURE. 



Moisture in 
Bagasse. 
Per cent. 


Heat Developed 


Heat Available 


Number of Pounds 


Estimated 


per Pound of 


per Pound of 


of Bagasse 
Equivalent to 
I lb. of Coal. 


Temperature 


Bagasse. 
B.T. U. 


Bagasse. 
B. T. U. 


of Fire. 
Fahrenheit. 


O 


8325 


8325 


1.68 


2465' 


20 


6660 


6420 


2.18 


2294 


30 


5827 


5468 


2.56 


2186 


40 


4995 


4516 


3.10 


2049 


50 


4162 


3563 


3-93 


1870 


60 


3330 


261 1 


5-41 


1627 


70 


2497 


1658 


8.44 


1281 


75 


2081 


I183 


11.90 


1045 



Peat. — Intermediate between wood and coal may be 
placed peat, which is the result of one of the most important 
geological changes now in progress. In certain swampy 
regions in the temperate latitudes there occur immense quan- 
tities of semi-aquatic plants, which, under special conditions 
of heat and moisture, are undergoing a curious chemical trans- 
formation, whereby the oxygen of the plant is eliminated, 
leaving behind as peat a spongy carbonaceous residue. This 
is found in beds varying from I or 2 to 40 feet in depth. 
That near the surface, which is in a less advanced state of 
decomposition, is light, spongy, and fibrous, of yellow or 
light reddish-brown color; lower down it is more compact, 
and darker in color; while in the lowest strata the color is 
almost black, and the peat is pitchy and unctuous, with 
scarcely any evidence of the fibrous texture which exists in 
the higher strata and in the original vegetable matter from 
which it was formed. 

In its natural condition, peat generally contains from 75 
to 80 per cent of its entire weight of water, occasionally 
amounting to 85 or even 90 per cent. Evidently it is totally 
unfitted for use as a fuel until it has been dried. By the 
process of drying it shrinks very decidedly, its specific gravity, 
when dry, varying from 0.22 or 0.34 for the surface peat^ 
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which is light and porous, to 1.06 for the lowest peat, which 
is very dense. Owing to the abundance of other fuels, peat 
has been but little used in this country ; but in Europe it has 
already found an extensive field, not only in domestic but in 
metallui^ical and other operations. 

In Table No. 26 are given the calorific values and the 
composition of Irish peats, both exclusive and inclusive of 
moisture. 

Coal. — ^The extensive distribution, the portable character, 
and the heat-value of coal make it the principal fuel of all 
civilized nations. Coal is in effect the reservoir of the stored 
energy of the sun, by the action of whose heat-rays it was 
produced. It is a fossil fuel for whose existence geology thus 
accounts: During that period of the earth's formation known 
as the carboniferous age, vegetation was rank in the extreme. 
The atmosphere contained an amount of carbonic acid far in 
excess of that now present. The presence in the atmosphere 
of this excess of carbon, which is the food of the plants, as 
well as the temperature and the climatic conditions, were all 
favorable to the most prolific development of plant-life. Age 
after age was employed by this vegetable growth in freeing 
the atmosphere from carbonic acid, and in storing up the 
potential energy of the sunlight as woody fibre in the form of 
carbon, separated from oxygen. By this continuous process 
of growth and death of vegetable matter the earth became 
strewed with the remains, which were gradually compacted 
into peat-beds of enormous extent. With succeeding climatic 
and geological changes, these peat-beds, one after another, 
became submerged and overlaid by thousands of feet of sand- 
stone, limestone, and slate. Under the tremendous pressure 
thus exerted the peat-beds were compressed and converted by 
successive stages into lignite, brown coal, gaseous coal, 
bituminous coal, and semi-anthracites. 

It must be obvious that sharp lines of demarcation between 
the various kinds of coal cannot exist, and, therefore, that 
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they can only be approxiipately classified, for one form merges 
into another. A fair illustration of the different stages in the 
process of alteration of wood-fibre into anthracite coal is pre- 
sented in Table No. 2T. 

Table No. 27. 

CONVERSION OF WOOD-FIBRE INTO ANTHRACITE. 



Description. 



Wood-fibre (cellulose) 

Peat ,... 

Lignite 

Lignite (brown coal) 

Coal (bituminous) • . . . 

Coal (semi-anthracite) . . . . 
Anthracite 



Carbon. 



52.65 
60.44 
66.96 
74.20 
76.18 
90.50 
92.85 



Hydroi^en. 



5-25 
5.96 
5.27 
5.89 
5.64 
5.05 
3.96 



Oxygen. 



42.10 
33.60 
27.76 
19.90 
18.07 
4.40 

3.19 



Coals are classified according to the amounts of carbon and 
volatile matter which are present in their composition, 
although different methods are adopted by different authori- 
ties. The following is the classification * generally adopted, 
beginning with those containing the greatest proportion of 
carbon : 



Anthracites. 



{Hard anthracites. 
Semi- or gaseous anthracites. 

fSemi - bituminous j Semi-bituminous cherry coal, 
coals ( Semi-bituminous splint coal. 
C Caking coal. 
Bituminous coals. •? Cherry coal. 

( Splint coal. 

t Cannel coal. 

Hydrogenous or gas coals \ Hydrogenous shaly coaL 

( Asphaltic coal. 

Lignite. 

The general composition of these coals has already been 
given in Table No. 10. In the consideration of their charac- 
teristics they will be taken up in the order of their geological 



* ** Geology of Pennsylvania." H. D. Rogers. 
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formation. Their progressive alteration from wood to coal is 
thus clearly indicated. 

Ligfnite. — Although classed among mineral coals, from a 
geological standpoint lignite properly occupies a position 
between peat and bituminous coal. It is believed to be of 
later origin than bituminous coal, and is in a less advanced 
stage of decomposition. The woody fibre and vegetable tex- 
ture of lignite are almost entirely wanting in coal, although 
there is little question as to their common origin. Although 
much like brown coal in general appearance, lignite differs 
from it in the fact that upon distillation it yields acetic acid, 
while brown coal produces only ammoniacal liquor. Like 
peat, lignite presents much variety in appearance, some speci- 
mens being almost as hard as true coal, while others possess 
a distinctly woody structure and are of a light-brown color. 
It has an uneven fracture and a dull and somewhat fatty lustre* 
Being easily broken, it will not readily bear transportation, 
while exposure to the weather causes it to rapidly absorb 
moisture and to crumble easily. Its value as a fuel is, there- 
fore, limited, for it must be used near its place of occurrence, 
and very soon after it is mined. It is non-caking and yields 
but moderate heat, being inferior to even the poorer varieties 
of bituminous coal. In this country its use is decidedly 
limited, being restricted to the locality of the mines which 
produce it. It is plenteous, however, west of the Mississippi, 
in which territory it is used to a considerable extent. The 
three analyses which are presented in Table No. 28 give the 



Table No. 28. 



COMPOSITION OF LIGNITE. 



Locality. 


Specific 
Gravity. 


Fixed 
Carbon. 


Volatile 
Combus- 
tible 
Matter. 


Water. 


Ash. 


Total 
Volatile 
Matter. 


Coke. 


Author- 
ity. 


Kentucky 

Washinflrton 


I.SOX 


40.0 

52.85 
4x.a5 


83.0 

3' -75 
46.00 


.30.0 
7.00 
3'50 


7.0 

3.00 

9-25 


53 -o 

38.75 

49.50 


47.0 

50.50 


Cox. 

it 


Colorado 


X.37Z 


Kingr. 
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average composition of samples from the widely separated 
States of Kentucky, Washington, and Colorado. 

Bituminous Coal. — The classification of bituminous coal 
is rendered difficult because of the lack of definite lines of 
demarcation between the varieties. As a rule, however, coal 
containing as much as 18 to 20 per cent of volatile combusti- 
ble is called bituminous. Some bituminous coal yields, upon 
analysis, as much as 50 per cent of volatile matter and some- 
times more. In proximate composition — namely, in fixed 
carbon, volatile matter, and earthy matter — the bituminous 
coals may be regarded as ranging between the following 
general limits: 

Fixed carbon. 52 to 84 per cent 

Volatile matter 12 to 48 <* 

Earthy matter 2 to 20 

Sulphur I to 3 






The amount of water expelled by heating to 212® is from 
I to 4 per cent. 

In ultimate compositiotij as shown by refined analysis, the 
approximate range of composition is as f oUqws : 

Carbon 75 to 80 per cent 

Hydrogen 5 to 6 

Nitrogen i to 2 

Oxygen 4 to 10 

Sulphur 0.4 to 3 

Ash 3 to 10 

In its external properties, ordinary bituminous coal varies 
in color from a pitch-black to a dark brown, with a lustre that 
is vitreous or resinous in the more compact specimens, and 
silky in those ishowing traces of vegetable fibres. Irrespective 
of natural joints, the fracture of bituminpus coal is generally 
conchoidal. The distinctive characteristic of this fuel is the 
emission of yellow flame and smoke when burning. 
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All bituminous coals may be classified on broad lines as 
either caking or non-caking. 

Caking Coal is the name given to any coal which, when 
heated, seems to fuse together and swell in size, becomes 
pasty in appearance, and emits a sticky substance over the sur- 
face, while liberating small streams of gas which burn with a 
bright yellow or reddish flame terminating in smoke. It is 
characteristic of caking coal that the pasty lumps will cohere 
in the fire and form spongy-looking masses, not infrequently 
covering the entire surface of the grate. Such coals, unusually 
rich in volatile hydrocarbons, are considered most valuable 
for gas-manufacture. 

Non-caking Coal has the property of burning freely in the 
fire; hence the common appellation, '' free-burning coal.'* 
The heat does not cause the lumps to fuse or run together. 
The block coal of the Western States is a representative non- 
caking coal. It consists of successive layers which are easily 
separated into thin slices. The surfaces which are thus dis- 
played are generally covered with a layer of very finely divided 
fibrous carbon and are dull and lustreless. When coal of this 
character is broken at right angles to this lamination the sur- 
face is bright and glistening. 

The ultimate composition of various bituminous coals is 
given in Table No. lo, which has already been presented; 
while among the coals listed in Table No. 31, which follows 
on succeeding pdges, are also many that would be classed as 
bituminous. 

Cannel Coal is a variety of bituminous coal very rich in 
carbon. It kindles readily, burns without melting, and emits 
a bright flame like that of a candle. It differs greatly in 
appearance from all other bituminous coals, being very homo- 
geneous, having a dull, resinous lustre, and breaking without 
following any distinct line of fracture. It is exceedingly 
valuable as a gas-coal because of its richness in hydrocarbons, 
but is little used in this country as a steam- or boiler-coal. 



FUELS. 



71 



The proximate analysis of a few typical American specimens 
is presented in Table No. 29. 



Table No. 29. 
composition of cannel coal. 



Locality. 


specific 
Gravity. 


Fixed 
Carbon. 


Volatile 
Matter. 


Earthy 
Matter. 


Authority. 


Franklin. Pa 




40.13 

55.1 
32.0 
42.0 


44.85 
42.9 

55.7 
52.0 


15.02 
2.0 

12.3 
6.0 


Johnson. 

Owen. 

Peters 


Dorton's Branch, Ky. ... 
Breckenridife. Kv 


1-25 


Davis County, Ind 


1.23 


Cox. 



Semi-bituminous Coal is softer and contains more volatile 
matter than true anthracite coal, but in its general character- 
istics closely approaches that fuel. It resembles in appearance 
the anthracites more closely than it does the bituminous coals, 
but its fracture is less conchoidal than that of the former; it 
is lighter and both kindles and burns more rapidly. Because 
of this latter feature it is extremely valuable as a fuel, for 
when burned it readily gives off a great quantity of heat and 
can always be relied upon to keep up an intense and free- 
burning fire requiring comparatively little attention, is readily 
cleaned and kept in good condition. It is, when pure, almost 
entirely free from smoke and soot. 

The proximate analysis of semi-bituminous coal from 
Cumberland, Md., and Blossburg, Pa., is given in Table 
No. 30. 

Table No. 30. 
composition of semi-bituminous coal. 



Locality. 


Specific 
Gravity.. 


Fixed 
Carbon. 


Volatile 
Matter. 


Sulphur. 


Earthy 
Matter. 


Authority. 


Cumberland, Md 

Blossburg, Pa 


1. 41 
1.32 


68.44 
73." 


17.28 
15.27 


0.71 
0.85 


13.98 
10.77 


Johnson. 



Semi-anthracite Coal. — Among the semi-anthracite coals 
are classed those which contain from 7 to 8 per cent of vola- 
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tile combustible matter. Because of the presence of this 
ingredient, which apparently exists in the gaseous state in the 
cells or cracks of the coal, this variety kindles more readily 
and burns more rapidly than hard anthracite. Analysis of 
Wilkesbarre, Pa., semi-anthracite,^ which is compact, con- 
choidal, iron-black, ^nd shiny, shows the following to be its 
composition : 

Fixed carbon 88.90 per cent 

Volatile matter 7.68 

Earthy matter 3.49 



<< 
(( 



100.07 

Its specific gravity is 1.4. 

Anthracite Coal. — Pure anthracite, sometimes called blind 
coal, ignites slowly, is a poor conductor of heat, and burns at 
a very high temperature. When pure it consists of — 

Carbon 90 to 94 per cent 

Hydrogen i to 3 <* 

Oxygen and nitrogen i to 3 * * 

Water i to 2 '* 

Ash 3 to 4 '* 

It is thus evident that it is composed almost entirely of carbon ; 
in fact, this is its distinguishing characteristic. The hydro- 
carbons, as evidenced in the volatile constituents, are present 
in very small proportion. As a consequence, it is not a long- 
flaming coal, but when in a state of incandescence its radiant 
power is great, owing to the intensity of combustion of the 
practically pure carbon of which it consists. ' 

In the process of burning it neither swells, softens, nor 
gives off smoke. The flame is quite short, of a yellowish 
tinge, changing to a faint blue, and largely due to the pres- 
ence of water which is decomposed by the heat. This flame 
is free from particles of solid carbon, and has the appearance 



^" 



* Geological Survey of Pennsylvania. 
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of being transparent. Anthracite coal is homogeneous in 
structure ; its fracture is decidedly conchoidal, and it is but 
slightly affected by exposure to the weather. 

Analysis of anthracite coal from Tamaqua, Pa.,* shows it 
to consist of — 

Carbon • • • • • 92.07 per cent 

Volatile matter 5.03 •' 

Earthy matter 2.90 *' 



100.00 



and to have a specific gravity of 1.57. 

Geographical Classification. — Although widely distri- 
buted throughout the United States, the various kinds of coal 
may be geographically classified in a general manner, as 
follows : 

j Eastern portion of Allegheny Mountains 

• • • • I j^jjjj Rocky Mountains in Colorado. 

i Caking Mississippi Valley. 

BITUMINOUS j Non-caking.... Maryland and Virginia. 

. V Cannel Pennsylvania, Indiana, and Missouri. ' 

Lignites Colorado, Kentucky, and Washington. 

In Table No 3 1 f are presented the results of numerous 
analyses of American coals and their calorific values. Of 
necessity the ultimate value of any coal as a steam producer 
must be measured by the amount of water it can evaporate 
when properly burned in the furnace of a steam-boiler, rather 
than by the number of thermal units generated by its com- 
bustion under experimental conditions. 

Petroleum. — The only natural liquid fuel is crude petro- 
leum oil. This is distinctly a hydrocabron liquid, and is 
found in abundance in certain localities in America and 
Europe. The principal sources of supply are, however, in the 
Ohio Valley of the United States, and on the borders of the 
Caspian Sea in EJ^astern Europe. It is found in natural cavities 

* Geological Survey of Pennsylvania. 

t Compiled from "Mineral Resources of the United States" and 
similar publications by coal-producing States. 
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beneath the earth's surface, whence it is either pumped, or 
flows to the surface after the manner of operation of an 
artesian well. 

Crude petroleum is dark brown in color, with a perceptible 
greenish tinge, and has a specific gravity which averages 
about O.8. It is composed of a great number of liquid hydro- 
carbons varying widely in specific gravity and chemical com- 
position, and each separable from the others by fractional 
distillation. The general composition and heating-power of 
various petroleum oils are presented in Table No. 32. 

Natural Gas. — In its composition natural gas varies 
greatly. Not only is there a marked difference in composition 
between the gas from different wells, but also between sam- 
ples which are taken at different times from the same well. 
This is very clearly shown in the accompanying Table No. 33 
by the results of six analyses made within a period of three 
months of samples from a well near Pittsburgh, Pa. 

Artificial Fuels.— Although artificial fuels serve a useful 
purpose in steam-making, their use is by^no means as extended 
as that of the natural fuels. The desirability of employing 
one in preference to the other is dependent largely upon 
financial considerations; and that fuel is to be chosen which, 
other things equal, will evaporate the most water for a given 
total expenditure. Artificial fuels may be broadly classified 
under the headings charcoal, coke, fuel-gas, and patent fuels. 

Charcoal. — Wood, protected from the atmosphere and 
heated at about 600®, gives up its gaseous or volatile elements, 
and is converted into charcoal. The best charcoal consists 
almost entirely of pure carbon ; but in so far as the process of 
manufacture falls short of perfection, so the proportion of 
carbon is reduced. Charcoal is distinctly the result of a 
process of carbonization ; and under the condition of distilla- 
tion in vessels externally heated to various temperatures, its 
quality is improved as its temperature is increased. The 
results of this process when applied to black alder, previously 



FUELS, 



85 



Table No. 33. 



COMPOSITION AND CALORIFIC VALUE OF PETROLEUM OILS. 



Name of Locality. 



Galfcia, West 

Hanover, Odessa 

Alsace, Schwabweiler. . . 

France, St. Gabian 

Italy, Neviano de Rossi. . 

Roumania, Plojesti 

Russia, Baku 

■Canada, Both well 

" Petrolea 

Pennsylvania, Oil Creek. 



(( 



Ohio 

" Mecca... 
West Virginia. 



(i 



(( 






n 
n 



Scotia Well 

Cumberland 

California, Hay ward Petroleum Co. 



Carbon. 


Hydrogen 


Oxyg^en. 


85.3 


12.6 


2.1 


8U.4 


12.7 


6.9 


79-5 


13.6 


6.9 


86.1 


12.7 


1.2 


81.9 


12.5 


5.6 


82.6 


12.5 


4.9 


85.3 


II. 6 


31 


84.3 


13.4 


2.3 


84-5 


13.5 


2.0 


82.0 


14.8 


3.2 


84.9 


13.7 


1.4 


84.2 


13. 1 


2.7 


86.32 


13.07 




84.3 


14.1 


1.6 


83.2 


13.2 


3.6 


83.6 


12.9 


3.5 


86.62 


12.93 




85.2 


13-36 




86.93 


11.82 


I. II 



Nitrogen. 



0.23 



0.54 



Dr. H. Gintl gives the following calorific values of American oils : 

Petroleum from B.T.U. 

West Virginia 10,180 

Pennsylvania 9i963 

Since the composition of oils even from the same district varies, their 
calorific values are presented only as general averages. 
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dried at about 300°, as reported by Violette, are presented in 
Table No. 34. 

Table No. 34. 
composition of carbon produced at various temperatures. 



Temperature 


Constituents of the Solid Product. 


of 
Carbonization. 


Carbon. 


Hydrogen. 


Oxygen. 


Nitrogen and 
Loss. 


Ash. 


302" F. 

392 
482 

572 
662 
810 

1873 


47.51 

51.82 

65.59 
73-24 
76.64 

81.64 
81.97 


6.12 

3-99 
4.81 

4-25 
4.14 
4.96 
2.30 


46.29 

43-98 
28.97 
21.96 
18.44 
15.24 
14-15 


0.08 
0.23 
0.63 

0-57 
0.61 

1. 61 

1.60 


47-51 
39-88 

32-98 
24.61 
22.42 
15.40 
15-30 



Peat-charcoal, produced by the carbonization of ordinary 
air-dried peat, is very friable and porous, and extremely dififi-. 
cult to handle without reducing it to very small particles 
almost powdery in their character. Although it is easily 
ignited and burns readily, its physical characteristics are such 
as to prevent its general use. 

Coke. — The residual product of the carbonization of bitu- 
minous coal is known as coke. By this process the hydro- 
carbon gases are expelled, and the coal is reduced to a sub- 
stance somewhat porous in its character and consisting almost 
entirely of carbon. The coke produced by the partial com- 
bustion of coal in coke-ovens, is dark gray in color, hard, 
porous, and brittle, with a slightly metallic lustre. That 
resulting as a by-product from the distillation of gas in the 
retorts of gas-works is not so hard, ignites more readily, and 
burns with a draft less intense than that required for the com- 
bustion of coke. which has been formed by the first method. 
It is, therefore, better adapted as a fuel for steam-boiler 
furnaces. 

The quality of such coke is affected by the temperature 
and by the pressure under which distillation takes place. 
From experiments by Steavenson, reported to the Iron and 
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Steel Institute at Newcastle, Eng., it appeared that with a 
furnace of special construction and coal of the following con2- 
position, — . 

Oxygen 6.7 per cent 

Carbon 84.9 

Hydrogen 4.5 

Nitrogen i.o 

Sulphur 0.6 

Ash 2.3 *• 

the yield was about 60 per cent of coke of the following com- 
position : 

Carbon 96.2 per cent 

Ash 3.8 ** 

Hence the composition and relative weight of the materials 
lost in coking were — 

Carbon 68. 1 per cent 

Hydrogen . • . • 1 1 .2 

Nitrogen 2.5 

Sulphur 1.6 

Oxygen 16.6 



<( 
<i 
<i 



The average heating-power of coke ranges from about 
13,000 B. T. U. to nearly 15,000 B. T. U. 

Fuel-gas. — Although carbonic oxide and hydrogen are 
combustibles, the production- of which is incident to the com- 
bustion of all fuels, they are never independently manufac- 
tured for use as fuels. But hydrogen and carbon, associated 
in the form of volatile hydrocarbons, serve most excellently 
the purposes of fuels, although their cost must determine 
their efficiency. Notwithstanding the fact that illuminating- 
gas made from bituminous coal by distillation in retorts has 
been in common use for nearly a century, the idea of directly 
converting a solid fuel into one of gaseous form for its readier 



FUELS. 89 

utilization for producing heat has only been carried into prac- 
tice during the past twenty-five or thirty years. Gas as a 
fuel first appeared in the form of '* producer" gas, and was 
primarily introduced for metallurgical purposes. In its manu- 
facture, air, mixed with water-vapor, was passed, under 
powerful pressure, through a thick bed of burning coal. As 
a result the coal was only burned to carbonic oxide, while the 
watery vapor was decomposed so that the resulting gas from 
the producer was a mixture of about one half nitrogen and one 
fourth carbonic oxide, with varying proportions of hydrogen 
and hydrocarbons. Its composition depends upon the pro- 
portions of the elements in the original fuel. This process, 
however, inherently consumes about one third of the total 
calorific value of the fuel, thereby reducing by that amount 
the resultant heating-power. 

Water-gas is the result of a somewhat similar process, 
which differs principally from that employed in the manufac- 
ture of producer-gas in that it is intermittent, first air and then 
steam being forced through a bed of incandescent fuel. For 
illuminating purposes this gas is carburetted, so that it actually 
exceeds by volume the value of coal-gas. 

Including natural gas the relative volumes and weights of 
gaseous fuels are : 

By Weight. By Volume. 

Natural gas i ,000 i ,000 

Coal-gas • • . • 949 666 

Water-gas 292 292 

Producer-gas 76. 5 1 30 

By weight and volume the composition of these gases is 
given in Table No. 35. 

In this table the natural gas was from Findlay, Ohio, the 
coal-gas was probably an average sample purified for illumi- 
nating purposes, the water-gas was made for heating and 
consequently unpurlfied, and the producer-gas was made from 
anthracite at the Pennsylvania Steel Works. 
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Table No. 35. 
composition of fuel-gases. 



Constituents. 



Hydrogen 

Marsh gas 

Carbonic oxide 

Olefiant gas 

Carbonic acid... 

Nitrogen 

Oxygen 

Water vapor . . , 
Sulphydricacid. 





By Volume. 






By Weight. 


Natural 


Coal- 


Water- 


Produc- 


Natural 


Coal- 


Water 


Gas. 


gas. 


gas. 


er-gas. 


Gas. 


gas. 


gas. 


a.i8 


46.0 


4S-0 


6.0 


0.268 


8.2Z 


5-431 


92.60 


40.0 


2.0 


3.0 


90.383 


57-20 


1. 931 


0.50 


6.0 


450 


23.5 


0.857 


15.02 


76.041 


0.31 


4.0 


0.0 


0.0 


0-531 


zo.ox 


0.000 


0.26 


0.5 


4.0 


^•5 


0.700 


1.97 


ZO.622 


3.61 


1-5 


2.0 


65.0 


6.178 


3-75 


3.380 


0.34 


0.5 


0-5 


0.0 


0.666 


1-43 


0.965 


0.00 
0.20 


1-5 


1-5 


z.o 


0.000 
0.417 


2.41 


X.630 















Produc- 
er-gas. 



0.458 

I-83Z 

25 095 

0.000^ 

2517 

69.413. 

0.000 

0.686 



Patent Fuels. — Under this title may be classed a large 
variety of prepared fuels, consisting in the main of the parti- 
cles of some finely divided combustible pressed and cemented 
together by a substance possessing the necessary adhesive and 
inflammable properties. 

In the process of coal-mining, sorting, and shipping, a 
considerable amount is broken into fragments too small for 
ordinary commercial use. This refuse, commonly denomi- 
nated ** culm,*' possesses practically the same calorific value 
as the coal of which it originally formed a part; but its finely 
divided character is not conducive to its successful use in an 
ordinary boiler-furnace. It may, however, by special ma- 
chinery, be mixed with sufficient pitch or coal-tar, and 
moulded into lumps of desirable size. 

In this country the relative price of coal is so low, as 
compared with the cost of manufacture of such pressed fuel, 
that the financial return hardly warrants the attempt to thus 
utilize the culm. In France, and some other European 
countries, fuel of this character, in the form of ** briquettes,** 
is regularly made of coal-dust, — bituminous and semi-an- 
thracite, — and quite extensively used. To some extent the 
slow progress made in the manufacture of briquettes in this 
country is doubtless due to the imperfect systems of washing 
and jigging which are necessary to reduce the percentage of 
ash, which never ought to exceed 10 per cent in such fuel. 
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The attempt has 41so been made, with varying success, 
according to the conditions, to feed the coal in the form of 
dust directly to the boilers, by forcing it into a strong air- 
current, which thus spreads it throughout the furnace, while 
at the same time furnishing the oxygen necessary for combus- 
tion. 

By means of glue, tar, pitch, resin, and the like, sawdust^ 
charcoal, peat, tan, and similar refuse have been cemented 
together for use as a fuel. But, except in comparatively few 
instances, the cost of manufacture of prepared fuels has, in 
this country at least, rendered them but little, if any, more 
economical than coal. 



1 



CHAPTER V. 

EFFICIENCY OF FUELS. 

Measure of Efficiency. — The ultimate efficiency of a fuel 
should be expressed in the total amount of heat it is capable 
of generating, or, in other words, by its calorific power. The 
proportion of that heat which is utilized depends upon the 
efficiency of the boiler or other heat-abstracting device. 
Commercially, however, the heat-values of fuels are generally 
measured relatively to each other, and expressed in the num- 
ber of pounds of water evaporated per pound of fuel. In 
practice, the physical character of the fuel, the form and con- 
struction of the boiler and furnace, the amount of air supplied, 
and other conditions, have an important influence upon the 
attainable result. In fact, the effect of these variables is such 
as to render an accurate comparison of fuels a difficult matter. 

In their ultimate efficiency the calorific power of fuels 
may very properly be considered relatively to, an established 
standard. As carbon is the most important element in the 
composition of all fuels, it may reasonably be selected as such 
a standard. For the purposes of comparison, Table No. 36 
has been prepared to show the efficiency of fuels as measured 
in thermal units, determined by analysis or calorimetric test 
when compared with pure carbon as a standard, having a 
thermal value of 14,650 B. T. U. Measured by this standard, 
a coal having very little ash and a large amount of hydrogen 
may, because of its extremely high heating-power, actually 
show an efficiency above 100 per cent when compared with 
carbon. As the theoretical efficiency of a fuel can never be 
realized in practice, there have been incorporated in this table 

9? 
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the fuel-efficiency and the corresponding number of pounds 
of water evaporated from and at 212° per pound of fuel at 
various boiler-efficiencies. 



Table No. 36. 

EFFICIENCY OF FUELS. 
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9750 


10. X 


66.6 


9» 


59-9 


8.1 


53-3 


7> 


46.6 


6.1 


40.0 


5.1 


33-3 


9500 


9.8 


64.9 


8.8 


58.4 


7-9 


51.9 


6.9 


45-4 


5.9 


38.9 


4.9 


32.5 


9250 


9.6 


63.2 


8.6 


56.9 


7»7 


50.6 


6.7 


44.2 


5.7 


37-9 


4.8 


31.6 


gooo 


9 3 


61.4 


8.4 


55-3 


7.5 


49.1 


6-5 


43.0 


5.6 


36.8 


4.7 


30.7 


8750 


9.1 


59-7 


8.3 


53-7 


7-3 


47.8 


6.3 


41.8 


5-4 


35-8 


4.6 


29.8 


8500 


8.8 


58.0 


7-9 


52.2 


7.0 


46.4 


6.2 


40.6 


5-3 


34-8 


4 4 


29.0 



Evidently, the actual efficiency of a given fuel is here, as 
in all cases, dependent upon the efficiency of the boiler. It 
is obvious, however, that an evaporation of 15.2 pounds of 
water froni and at 212" per pound of best coal represents an 
ideally perfect result, with 100 percent efficiency of both fuel 
and boiler, unless the fuel contains sufficient volatile matter 
to raise its total heat above 14,650 B. T. U. 
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Unit of Evaporation. — For the purposes of practical com- 
parison there is usually determined the number of pounds of 
water of a given temperature that can be evaporated into 
steam of a given pressure by the combustion of one pound of 
the fuel. This is reduced for direct comparison to the 
standard of temperature of water at 212°, and steam of atmos- 
pheric pressure; namely, of a temperature of 212°. Under 
these conditions, as no heat is expended in heating the water, 
the amount of heat required to evaporate one pound of water 
is equal to the latent heat of steam at atmospheric pressure; 
that is, 965.7 B. T. U. The evaporation per pound of coal 
or combustible, as reduced to this basis, is known as the unit 
of evaporation. 

In illustration of the method of calculation, suppose that 
a given test indicates that 8.73 pounds of water fed to the 
boiler at 120° have been evaporated into steam of 83.3 pounds 
gauge-pressure by the combustion of one pound of the fuel 
under test, without correction for moisture in steam and fuel. 
The absolute steam-pressure is 83.3 + 14.7 = 98 pounds, and, 
by Table No. 7, the total amount of heat contained in one 
pound of steam of this pressure is 1213.40 B. T. U.; while, 
by Table No. 5, the total heat of the water of 120° tempera- 
ture is 120.149 B. T. U. Evidently, then, the amount of 
heat which was imparted to one pound of water at 120° in 
order to convert it into steam of 83.3 pounds gauge-pressure 
was 1213.40 — 120.149 = 1093.251 B. T. U. As the latent 
heat of steam at atmospheric pressure is 965.7 B. T. U., the 
evaporation of 8.73 pounds of water under the stated condi- 
tions is equivalent to the evaporation of 

1093.251 
g5g;y X 8.73 = 9.87 pounds, 

from and at 212**. 

For ultimate comparison of fuels the results should be cor- 
rected for moisture in the steam and in the fuel. If, under 
the conditions of the test just used for illustration, the steam 
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had contained 1.2 per cent and the coal 3.5 per cent of 
moisture, the method of correction would be as follows; 

The actual proportion of dry steam would be 100 — 1.2 
= 98.8 per cent, and that of dry coal 100 — 3.5 =96.5 per 
cent. The amount of water evaporated into dry steam from 
and at 212° per pound of fuel would, therefore, be 9.87 X 
0.988 = 9.75 pounds; and the evaporation of dry steam per 
pound of dry fuel would be 9.75 -f- 0.965 = 10.10 pounds; 
or, combined in one calculation, 

9.87 X 0.988 

— -2Z = 10. 10 pounds. 

To ascertain the equivalent evaporation per pound of com- 
bustible in the fuel, the proportion of ash must be ascertained 
by careful weighing and deducted from the total fuel burned. 
If the ash in the fuel from which the preceding results were 
obtained had amounted to 6.4 per cent, the evaporation of 
water from and at 212° into dry steam would have been 

10.10 

2~ = IO-79 pounds. 

1. 00 — 0.064 '^ ^ 

Table No. 37, calculated by the method previously ex- 
plained, presents a series of factors by means of any one of 
which, corresponding to the given temperature of feed-water 
and pressure of steam, the evaporative result obtained may 
be transformed into the equivalent evaporation from and at 
212"*. Thus, taking the conditions of 83.3 pounds and 120° 
temperature already given, the factor (ascertained by inter- 
polation) is 1. 132, which, multiplied by 8.73, gives 9.88* 
pounds of water evaporated from and at 212"*. Evidently, 
this table may be used in a converse manner to determine 
what conditions of feed-temperature and steam-pressure may 
be equivalent to a stated evaporation from and at 212°. 

* The slight difference between this and the calculated result is due to 
the fact that the numbers in the table are not carried out to more decimal 
places. 
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Thus, for instance, an evaporation of 9.87 pounds from and 
at 212° is equivalent to 9.87 -f- 1.149 = 8.59 pounds from 
water at 100° into steam at 70 pounds gauge-pressure. 

Table No. 37. 



FACTORS OF EVAPORATION. 



Temperature 

of 




Pressure in Pounds per 


Square Inch above the Atmosphere. 




Feed-water, 


























in Dejf rees 


























Fahr. 





80 


40 


50 


60 


70 


80 


90 


100 


120 


140 


160 


32- 


1.187 


1.201 


1.211 


1.214 


1. 217 


1.219 


1.222 


1.224 


1.227 


1.231 


1.234 


1.237 


35 


1. 184 


1.198 


I.808 


1.211 


1.214 


1.216 


1.219 


1.221 


1.224 


1.228 


1.231 


I •834 


40 


X.179 


i-»93 


1.303 


1 .200 


1.209 


1. 211 


1.214 


1.216 


1.219 


1.223 


1.226 


1.229 


45 


'•'^2 


1.187 


X.X97 


1.200 


t.203 


1.205 


1.208 


i.aio 


1.213 


1.217 


1.220 


1.223 


50 


Z.168 


1.182 


1.192 


i.»95 


1.198 


1.200 


1.203 


1.205 


1.208 


I. 212 


1.2x5 


1.218 


55 


Z.163 


1.177 


1.187 


1. 190 


>-i93 


1195 


1.198 


1.200 


1.203 


1.207 


1.210 


1.213 


60 


1. 158 


1.172 


1. 182 


1.185 


1.188 


i.iqo 


»-i93 


1. 195 


1.198 


1.202 


1.205 


1.20S 


65 


I-I53 


1.167 


1.177 


1.180 


1.183 


1.185 


1.188 


1.190 


».*93 


1.197 


1.200 


1.203 


70 


1. 148 


1.162 


1.172 


I -175 


1.178 


1.180 


1.183 


1.185 


1.188 


1.192 


1.195 


1.198 


75 


X.143 


1. 157 


1.167 


1.170 


I -173 


1.175 


1.178 


1.180 


1.183 


1.187 


1.190 


1.193 


80 


».I37 


1. 151 


1. 161 


1.164 


1.167 


1.169 


1.X72 


1.174 


1.177 


X.181 


X.184 


1..87 


85 


X.X32 


1.146 


1.156 


1. 159 


1.162 


1.164 


X.X67 


1.169 


1.172 


1.176 


1.179 


1.182 


90 


X.127 


1.141 


1.151 


I -154 


I 157 


I -159 


1.162 


1.164 


1.167 


1.171 


1.174 


1.177 


95 


x.xa2 


X.136 


I.T46 


1.149 


1.152 


i.t54 


I -157 


I.I.S9 


1.162 


1.166 


1.169 


1.17a 


100 


X.117 


1.131 


1.141 


1. 144 


1.147 


1.149 


1.15a 


1.154 


I-I57 


1.161 


X.164 


1.167 


xos 


X.III 


1. 125 


i-»35 


»-i39 


1.141 


1.143 


1.146 


1.148 


X.151 


i.»55 


X.158 


1.161 


ZIO 


1. 106 


1.120 


1.130 


I -133 


1.136 


X.138 


1.141 


i.»43 


1.146 


1.150 


1.153 


1.15^ 


"5 


X.XOI 


1.115 


1.125 


1.128 


1.131 


I -.133 


1.136 


X.138 


1.141 


X.145 


1.Z48 


1.151 


120 


1.096 


I. no 


1.120 


1.123 


1.126 


1 .128 


1.131 


i-»33 


1.136 


1.140 


1.143 


1.146 


185 


1. 091 


1.105 


1.115 


1.T18 


1.121 


1.123 


X.126 


1.128 


1.131 


I -135 


1.138 


1.141 


130 


1.085 


1.099 


1.109 


I.. 112 


1.115 


1.X17 


1.120 


1.122 


1.125 


1.129 


1.13a 


I 135 


»3S 


1.080 


1.094 


1.104 


1.107 


1. 110 


1.112 


1.115 


1.117 


1.120 


1.124 


1.127 


1.130 


X40 


I 075 


1.089 


1.099 


1 . 102 


1.105 


1.107 


I.IIO 


1. 112 


1.115 


1:1x9 


1.122 


1.125 


145 


1.070 


1.084 


1.094 


1.097 


1.100 


1.X02 


1.105 


1.107 


1.110 


X.114 


1.117 


1.120 


150 


1.065 


1.079 


1.089 


1.092 


1.095 


1.097 


l.IOO 


1.102 


1.105 


1.X09 


1.112 


1 115 


155 


1.059 


I 073 


1.083 


1.086 


1.089 


1.091 


1.094 


1.096 


1.099 


1.103 


1.106 


1.109 


x6o 


1.054 


1.068 


1.078 


1.081 


1.084 


1.086 


1.089 


1.091 


1.094 


X.098 


1. 101 


1.104 


165 


X.049 


1.063 


1.073 


1.076 


1.079 


1.081 


1.084 


1.086 


1.089 


1.093 


1.096 


1.099 


170 


1.044 


1.058 


1.068 


1.071 


1.074 


1.076 


1.079 


1.081 


1.084 


1.088 


1.091 


1.094 


J 75 


1,039 


I 053 


1.063 


1.066 


1.069 


1. 071 


X074 


1.076 


1.079 


1.083 


1.086 


X.089 


x8o 


1 .033 


1.047 


XO57 


1.060 


1.063 


1.065 


2.068 


1.070 


» 073 


1.077 


1.080 


1.083 


185 


1.028 


1.042 


1.052 


1.055 


1.053 


1.060 


1.063 


1.065 


1.068 


1.072 


1075 


1.078 


190 


1.023 


1.037 


X.047 


1.050 


t053 


I 055 


1.058 


1.060 


1.063 


X.067 


1.070 


1.073 


195 


I.0I8 


1.032 


1.042 


1.045 


1.048 


1.050 


1.053 


1.0S5 


1.058 


X.062 


1.065 


1.068 


aoo 


1.013 


t.087 


'.037 


1.040 


1.043 


».o45 


1.048 


1.050 


1053 


I 057 


1.060 


1.063 


ao5 


i.ood 


1.022 


1.032 


1-035 


1.038 


1.040 


1.043 


1.045 


1.048 


1.052 


1-055 


1058 


210 


1.004 


1.017 


1.027 


1.030 


1.033 


I -035 


1.038 


1.040 


1.043 


1.047 


1.050 


1-053 


212 


1.002 


1.000 
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Relative Efficiency of Various Coals. — Although the 
preceding applies to all classes of fuel, the greatest interest 
centres in the practical calorific value of various kinds of coal; 
for upon this fuel, above all others, is general steam-boiler 
practice most dependent. It must already have become evi- 
dent that the apparent efficiency of the coal and of the boiler 
in connection with which it is burned are interdependent. 
Increased calorific value on the part of the coal insures an in- 
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crease in the output of the boiler; while an improvement in 
the proportions of the boiler, its appurtenances or its method 
of operation, whereby its steaming-power is increased per 
pound of coaly likewise raises the practical efficiency of the 
coal. 

In general it may be stated that any furnace is well 
adapted to the combustion of anthracite and semi-bituminous 
coals containing less than 20 per cent of volatile matter. For 
coals containing between 20 and 40 per cent a plain grate-bar 
furnace with fire-brick arch thrown over it is desirable, because 
of its ability to keep the furnace-chamber hot. For coals 
which contain over 40 per cent of volatile matter a furnace is 
desirable which is surrounded by fire-brick, with a large com- 
bustion-chamber and special appliances for introducing very 
hot air to the gases distilled from the coal. A separate gas- 
producer and combustion-chamber, arranged for heating both 
air and gases before they unite, serves the same purpose. 

The practical efficiency of a given coal is dependent not 
only on its chemical composition and theoretical heat-value, 
but to a great degree upon the percentage of ash and moisture 
which it contains, and upon the size of the respective pieces 
or particles, both absolutely and relatively to each other. 

An efficiency of 100 per cent on the part of either the coal 
or the boiler is an absolute impossibility because of certain 
losses which are incident to the combustion of the coal and 
the operation of the boiler. Of these losses some are inevi- 
table, while others may be diminished or avoided. 

The unavoidable losses are : 

First. The heat lost by converting into steam the water 
contained in the coal, and in the air used in burning it, as well 
as that formed by the burning of the hydrogen and the heat- 
ing of the steam thus formed to the temperature at which the 
gases leave the stack. 

Second. The heat necessary to raise to the stack tempera- 
ture the carbonic acid gas formed by burning, the carbon, the 
nitrogen originally present in the air from which the oxygen 
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has been taken to form carbonic acid, the sulphurous acid, 
and the excess of air which is supplied to secure perfect com- 
bustion. There is also a loss through heat in the hot ashes 
removed from the ash-pit, as well as through the unconsumed 
carbon remaining in the ash. A further loss occurs through 
radiation from the boilers and walls, which can, by careful 
construction and covering, be greatly reduced but never 
eliminated. 

The losses which are more or less avoidable are: 

First. Those due to incomplete combustion, as evidenced 
in the presence of smoke and carbonic oxide in the flue-gases 
and in unconsumed coal in the ashes. This latter loss is due 
to the original small size or the subsequent decrepitation of 
the coal, which results in the dropping of more or less of it 
through the grates without being consumed. In addition a 
small amount of hydrogen or marsh-gas may pass out with 
the gases. 

Second, Loss from excess of air, due to the fact that to 
secure practically perfect combustion air must be supplied 
considerably in excess of the theoretical quantity chemically 
required for combustion. This loss is twofold, being depend- 
ent upon the quantity of unused oxygen and associated nitro- 
gen and upon the moisture in the air. 

Third, The loss resulting from too high temperature of 
the gases leaving the boiler. This loss, except in so far as it 
is influenced by the air-supply and the rate of combustion, is 
dependent upon the design of the boiler and its appurtenances, 
and therefore is not chargeable to the character of the fuel. 
It is one of the most important factors in fuel-efficiency. 

Fourth, Loss of heat by removing ashes at too high a 
temperature. This, by care, may be reduced but not entirely 
avoided. 

Fifth, Loss by radiation. This may be reduced by in- 
creasing the thickness of walls and covering all exposed por- 
tions of the boiler. But from a practical standpoint it can 
never be entirely avoided. 
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The influence of these various sources of loss upon the 
efficiency of fuels and boilers will be considered in succeeding 
pages. Independent of such consideration the relative effi- 
ciency of various coals, as indicated by comparative tests, 
may, however, be here introduced. It is already evident 
that, for the purposes of strict comparison of evaporative 
powers, coals should be tested under identical conditions. 
What is more, all ordinary grades of coal should be tested 
under such a variety of boilers and rates of combustion, air- 
supply, and draft that they may be intelligently compared 
one with the other under all ordinary conditions. Such ex- 
tensive and strictly comparable results do not, as yet, exist, 
although already much careful work has been and is now being 
done to furnish such a basis of comparison. 

At the present time it is only possible to compare with 
each other the results in certain groups of tests, but only to 
a limited extent to correspondingly compare the results in one. 
group with those in another. By such comparisons as are*, 
allowable, it is possible to approximate with reasonable- 
accuracy to the relative values of the coals under considera- 
tion. 

A series of such results, compiled from the reports of 
numerous tests by Barrus,* is presented in Table No. 38. In 

Table No. 38. 
comparative evaporative efficiency of various coals. 



Kind of Coal. 



Cumberland 

Anthracite, broken 

Anthracite, chestnut , 

Two parts pea and dust and one part Cumberland.. 

Two parts pea and dust and one part culm 

Anthracite, pea 

Nova Scotia culm 



Water 

Evaporated 

from and at 

212° by One 

Pound of 

Dry Coal. 




Relative 
Efficiency in 

per cent. 

Cumberland 

= 100. 



100 

89 
85 
85 
82 
80 
76 



**• Boiler-tests." George H. Barrus. 
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harmony with the results obtained in a large number of tests, 
the evaporation per pound of combustible in anthracite broken 
coal has been taken, as a standard of comparison, in round 
numbers at i i.o pounds from and at 212°. With an average 
of II per cent of ash this is equivalent to 9.79 pounds of 
water evaporated from and at 212** by one pound of coal. 

Influence of Ash. — Beyond its indication of the relative 
presence of incombustible matter, the influence of ash upon 
the thermal efficiency of coal is threefold. Its presence is the 
measure of the loss through the amount of unconsumed carbon 
which it contains, through the heat lost when the ash is 
removed in a heated condition, and through the influence of 
the ash in clogging the fire and preventing free combustion. 
From a commercial standpoint its presence, furthermore, pro- 
portionately increases the original cost of freight and handling 
per heat-unit derived, as well as the subsequent expense in- 
cident to its own removal and transportation to a proper 
dumping-place, — a fact which demands careful consideration. 

The percentage of carbon, either in the form of cinder or 
decrepitated coal, which eventually forms a part of the ash, 
can be somewhat reduced by skilful manipulation of the fire. 
But as the greatest saving of such carbon lies in slower and 
gentler firing and in admitting more air, the efficiency, as a 
whole, is liable to be lowered rather than raised if the attempt 
to economize is carried to an extreme. The carbon ordinarily 
present in ash varies greatly, but may be broadly stated to 
range between 10 and 60 per cent. The loss by carbon in the 
ash is, therefore, dependent upon the percentage of ash in the 
coal, as is shown in Table No. 39. 

It is obvious that the greater the amount of hot ashes 
resulting from the combustion of a given amount of coal, the 
greater will be the loss of heat when these ashes are removed. 
As a means of clogging the grates, preventing free combus- 
tion and necessitating extra work on the part of the fireman, 
with a resulting excess of air while the fire-doors are open, a 
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Table No. 39. 



LOSS OF FIXED CARBON ON ACCOUNT OF CARBON IN ASH. 



int of 
in Ash. 


Per cent of Ash in Coal Fired. 


Perec 
Carbon 


95< 


ioJ< 


iiji 


wji 


133^ 


'4Jf 


^^ 


16% 


^7% 


ii% 


75 


31.76 


35.70 


39.73 


43.88 


48.14 


52.47 


* 
56.94 


61.51 


66.23 


71.05 


70 


24.70 


27.75 


30.89 


34.11 


37.43 


40.80 


44.27 


47.83 


51.51 


55.26 


65 


19.65 


22.09 


24.59 


27.16 


29.79 


32.48 


35.23 


37.07 


41.00 


43.98 


60 


15.87 


17.84 


19.86 


21.93 


24.07 


26.23 


28.47 


30.76 


33.11 


35-52 


55 


12.94 


14.54 


16.18 


17.87 


19.60 


21.37 


23.19 


24.05 


26.98 


28.94 


50 


10.59 


11.90 


13.24 


14.63 


16.04 


17.49 


18.98 


20.50 


22.08 


23.68 


45 


8.66 


9.76 


10.83 


11.97 


13.12 


14.31 


15.52 


16.77 


18.06 


19.38 


40 


7.05 


7.92 


8.82 


9.74 


10.69 


11.66 


12.64 


13-66 


14.72 


15.79 


35 


5.69 


6.40 


7.T2 


7.87 


8.63 


9-40 


10.21 


11.04 


11.88 


12.75 


30 


4.53 


5-10 


5.66 


6.27 


6.87 


7.43 


8.12 


8.78 


9.45 


10.14 


25 


3.52 


3.96 


4.41 


4.96 


5.34 


5.82 


6.31 


6.83 


7.35 


7.89 


20 


2.64 


2.97 


3.30 


3.65 


4.02 


4.36 


4.74 


5.13 


5.52 


5.92 


15 


1.86 


2.09 


2.33 


2.57 


2.82 


3.09 


3-35 


3.61 


3.89 


4.18 


10 


1.17 


1.32 


1.47 


1.62 


1.77 


1.93 


2.10 


2.27 


2.45 


2.62 


5 


0.56 


0.63 


0.69 


0.76 


0.84 


0.91 


0.99 


1.07 


1. 15 


1.24 


I 


O.IO 


0.12 


0.13 


0.14 


0.16 


0.17 


0.18 


0.20 


0.22 


0.24 



large amount of ash in the fuel exerts a very important influ- 
ence. 

Influence of Size of Coal. — A still further, and under 
certain conditions a very important, influence upon the effi- 
ciency of coals, particularly the anthracites, is exerted by the 
size of their respective pieces or particles. For the freest 
burning they should be as nearly of a size as possible; hence 
the screening process at the mines, and their sale in stated 
sizes. In the smallest sizes of anthracite, consisting of culm 
and screenings, or slack, the inherent dust and minute parti- 
cles render them difficult coals to burn unless mixed with a 
certain proportion of bituminous coal and burned upon special 
grates, with an intensity of draft which can only be economi- 
cally produced by mechanical means. This feature becomes 
more pronounced as the coal becomes finer, and makes legiti- 
mate comparison with other coals a somewhat difficult matter. 
But the fact that cheap fuels are generally the finest, and as 
increased commercial efficiency can usually be secured by 
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their utilization, the best methods of burning them are of 
deep interest. 

Broadly stated, the requisites to success in the combustion 
of small anthracites are,* ** first, draft; and, second, manipu- 
lation of the fires. Of course no fire will burn without draft, 
and the greater the amount of fire in a given space the 
stronger the draf4 must be to properly consume the fuel. 
With the larger sizes of fuel this question of draft is less 
prominent, but when we come to burn the smaller sizes the 
draft is of the utmost importance. The coal will pack on the 
grate, and, owing to the way the pieces will arrange them- 
selves close together, it will be impossible to get sufficient 
air through the bed of fire unless the draft is strong enough 
to displace the smaller particles. . . . Another and perhaps 
a better reason is that the proportion of ash is somewhat 
greater with the smaller coals, and as the fire is but a thin 
crust on top of this, it follows that a somewhat stronger draft 
will be required to get the necessary volume of air through 
the bed of ashes and the closely packed crust of the fire on 
top.'* 

The matter of burning the smaller sizes of refuse coal will 
be still further considered from a commercial standpoint, but 
the conditions which control the successful combustion of such 
fuel may be here discussed. While the terms '^screenings " 
and ** slack ** are generally applied to the refuse of local coal- 
yards, the term '* culm '* is distinctly restricted in its applica- 
tion to the refuse or waste from the coal-mines. Originally 
applied to any mixture below pea coal, this term has become 
more restricted in its meaning, as the smaller sizes have been 
removed in the ordinary process of screening, until at the 
present time it is in some localities applied to that which can- 
not be sold as buckwhejit, but which has had a part of the 
dust washed out. It is, therefore, evident that in any dis- 



* •* The Economy of Small Anthracite Coals." Geo. H. Ward. A paper 
read before the Engineers' Club of Brooklyn, N. Y. 1892. 
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cussion of the use of a refuse fuel more than its name is 
necessary to determine its exact character. 

Although there is considerable variety in the size classi- 
fication of coal at different mines, the generally accepted 
dimensions, as determined by the limiting diameters of the 
perforations in the screens, are about as presented in Table 
No. 40. 

Table No. 40. 

sizes of coal. 



Desigf nation. 



Dust 

No. 3 Buckwheat 

Bird's-eye 

No. 2 Buckwheat, or Rice. 

No. I Buckwheat 

Pea 

Chestnut 

Small stove 

Large stove 

Egg 

Broken 

Steamboat 



Diameter of Per- 
foration over which 
Coal will pass. 



3/32 
1/8 

3/16 

3/8 

9/16 

5/8 
I 

If 

2f 
4 



inch 



Diameter of Perfor- 
ation through which 
Coal will pass. 



(C 

tl 
It 
<l 
li 
il 
i( 



3/32 inch. 
3/16 " 
5/16 

3/8 
9/16 

7/8 
li 
If 

2i 

4 
7 



<( 
«( 
(i 
ii 
<( 
tt 
<i 
t< 
II 
II 



The important factors in the successful burning of small 
anthracite coals are: 

First. Intense draft, preferably mechanically produced and 
applied beneath the grate. 

Second, Large grate-area. 

Third, Grate constructed with a practically plain surface 
to prevent lodgment of coal. 

Fourth. Grate of proper design for ready removal of ash 
and clinker. 

Fifth. Air-spaces not over -jV ^^ A ^^^^ wide, except for 
No. I buckwheat or bituminous slack, for which they may be 
^ inch wide. 

Sixth. Arrangements to allow of the feeding and cleaning 
of fires without excessive opening of doors or dropping of 
ashes into ash-pit. 
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Seventh. Thin fires and frequent and careful firing. The 
thickness of the bed should diminish with the rate of combus- 
tion. 

Eighth. Reduction of draft above the fire as the rate of 
combustion decreases. The fine character of the material, as 
a result of which its particles pack closely together with but 
small interstitial spaces, makes strong draft imperative in 
order to secure the passage of the proper amount of air 
through the bed of fuel. Owing to the usually somewhat 
complicated grate or feeding arrangements for the burning of 
small anthracites, forced draft is generally applied beneath the 
grates, but may under certain conditions be favorably assisted 
by supplementary induced draft. 

It appears that the combustion of small anthracites is more 
perfect when the coal remains undisturbed, or as nearly as 
possible in the condition in which it was put upon the fire, 
instead of being turned over so that the partially consumed 
and unconsumed coal are mixed together. For such fuel the 
travelling-grate is particularly adapted, as it leaves the fuel 
undisturbed, and makes possible a gradation of the draft to 
meet the varying conditions incident to the progress of the 
grate and the combustion of the fuel upon it. 

Whatever the size of these smaller grades of fuel, certain 
special furnace arrangements are necessary. The smaller they 
are the more extensive and expensive the appliances; and for 
each special arrangements are necessary. It is, therefore, 
undesirable and positively uneconomical to mix the sizes. 
Thus a mixture of dust with pea or chestnut coal, while burn- 
ing more freely because of the easier passage of air through it, 
will not give as good evaporative results as an intermediate 
size containing less of the larger and the smaller pieces or 
dust; that is, having all of its pieces nearer a size. This 
difference is due to the fact that in the mixture the fine coal 
is completely consumed before the larger pieces. 

The advantage of mixing a slight amount of bituminous 
coal with the smaller anthracites is well known. The some- 
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what glutinous character of the former, when burning, serves 
to make a more coherent mass of the entire body of fuel, 
thereby preventing the dust from being blown through the 
flues or dropped through the grates, while keeping the bed 
more open and thereby increasing the rate of combustion. 
Culm and rice coal thus fired give results in total evaporation 
which cannot be reached by the same anthracites alone. 

The experiments of Coxe have demonstrated that '* the 
temperature developed by the burning of the smaller coals 
decreases with the size of the coal; this naturally involves a 
larger heating-surface in the boiler in order to develop the 
same number of horse-powers; that is to say, if you are burn- 
ing pea coal, and obtaining one horse-power for every nine 
square feet of heating-surface, you would probably require 
from 20 to 25 per cent more heating-surface if you are using 
No. 3 buckwheat; although you may be evaporating prac- 
tically the same amount of water per pound of coal." 

Table No. 41 gives results of tests ^ of small anthracites 
by Coxe. 

Tests I to 4 inclusive were made upon two Stirling water- 
tube boilers, each having 1725 square feet of heating- surface 
and 55 square feet of grate; while No. 5 was made upon a 
cylinder-boiler with drums and connecting tubes, the total 
heating-surface being 1862 square feet and 68.75 square feet 
of grate. All the boilers were equipped with Coxe travelling- 
grates and forced draft under the grate. 

Other tests, t upon a return tubular boiler equipped with 
Coxe stoker, indicated the relative efficiencies of various fuels 
as presented in Table No. 42. 

Influence of the Frequency of Firing. — While the rate 
at which any given coal should be fed to the furnace is largely 

* *• Furnace for Burning Small Anthracite Coals." Eckley B. Coxe. 
Trans. Am. Inst. Mining Engineers, vol. xxii. 

f ** Some Thoughts on the Economical Production of Steam, with Special 
Reference to the Use of Cheap Fuel, by a Miner of Coal." Eckley B. 
Coxe. Trans. New England Cotton Manufacturers' Association, April, 
1895. 
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Table No. 41. 

RESULTS of tests OF PEA AND BUCKWHEAT .COALS, 



Items. 



Number of Test and Kind of Fuel. 



Pounds of water evaporated per pound of dry 

coal, actual conditions 

Pounds of water evaporated per pound of dry coal 

from and at aia** 

Pounds of water evaporated per pound of combus 

tible from and at 212° 

Pounds of water evaporated from and at 3x2'=* per 

square foot of heating surface 

Pounds of coal per square foot of grate per hour.. . 

Average temperature of escaping gases 

Moisture in steam, per cent 

Moisture in coal as fired, per cent. 

Per cent of ash 

Per cent of carbon in ash 

Average pressure of blast in inches of water in 

entrance chamber 

Water at 225® 

Volatile combustible matter, 

Ash 

Carbon, fixed 

Specific gravity 

Chestnut, over % inch round mesh. . . . . 
Pea coal, between 3^ inch and 9/16 inch 

round mesh 

No. z Buckwheat, between 9/16 inch 

and ^ inch round mesh 

No. 2 Buckwheat, between 9^ inch and 

3/16 inch round mesh 

No. 3 Buckwheat, between 3/16 inch 

and 3/32 inch round ijiesh 

Between 3/32 inch and i/z6 inch, 
sometimes allowed in No. 3 Buck- 
wheat 

^Dust through 1/16 inch round mesh ... 
I Pure coal, specific gravity below 1.70. 
Slate test. •< Slate and bone, specific gravity above 
I 1-70 



Analysis 
of coal. 



Sizing 

test. 



I. 

Oaeida 

Pea 

Coal. 



714 

8.56 

10.14 

3-70 
13.63 

549° 

2.2 

2.63 

15.60 

15-85 

0-375 

2.15 

510 

"-55 
80.20 

1.620 
8.44 

60.65 

21.70 

3.68 

X.40 

4-X3 

92.00 

8.00 



2. 
Oneida 
No. X 
Buck- 
wheat. 


3- 
Oneida 

No. 2 
Buck- 
wheat. 


Oneida 
No. 3 
Buck- 
wheat. 


6.62 


7.17 


7.2X 


7.94 


8.60 


8.65 


10.06 


XO.S7 


XX. X3 


3-21 
13.58 

543° 

2.0 

4.06 


3-13 
11.40 

498° 

1.9 

8.62 


3-13 

"-34 
503° 
1.9 

6-53 


20. zo 


18.71 


22.27 


12.35 


9-33 


31.90 


0.5 
2.00 


0.625 
2.10 


X.04 
2.05 


4.90 

17-35 

75-75 

1.664 

0.98 

6.8s 


5-45 
15-50 
76.95 

x-655 


5-42 
12.90 

79-63 
1.642 


0.31 


X.50 


57-72 


4.76 


4.58 


28.74 


66.57 


17.75 


2.39 


19.87 


45-95 


1.49 

1.83 

76.18 


3.39 

6.10 

78.28 


19-79 

10.43 
86.98 


23.82 


2X.72 


X3.02 



5- 
Eckley 
No. 3 
Buck- 
wheat. 



736 
8.74 

XX. xo 

3.06 

9-44 
372° 



4 

21 



•93 
•3 

29-63 

X.125 

2.50 

5.00 

13-97 
78.53 
X.665 



X.21 
3.60 

31-94 
49 57 



6.31 

8-37 
83.85 

16.15 



Table No. 42. 
relative efficiencies of small anthracite coals. 



Kind of Coal. 



Buckwheat 

Rice (No. 2 buckwheat) 

Culm (pea, buckwheat, rice, barley, dust). 
Barley (No. 3 buckwheat) 



Pounds of Water 

per Pound of 
Coal from and at 



312* 



8.77 
9.05 
8.74 
8.39 



Pounds of Water 
per Pound of 

Combustible from 
and at 212®. 



11.07 
II. 18 
IT. 19 
10.89 
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dependent upon the character of the coal, nevertheless it is 
doubtless true that in most cases it is fed in too large quanti- 
ties and at too long intervals. The natural result is a series 
of decided and almost critical changes in the condition of the 
fire, to be compared to the effect of eating a large amount 
of food once a day instead of smaller amounts at more fre- 
quent intervals. It is evident that efficiency, as regards the 
frequency of firing, is entirely dependent upon the fireman, 
and hence for favorable conditions the advantages of a 
mechanical stoker. 

For the purpose of ascertaining, so far as possible, the 
relative results of different rates of firing, Burnat* conducted 
a series of experiments extending over eight weeks, with the 
same fireman and the same boiler. 

The general results are presented in Table No. 43. The 
advantage of the smallest charge of 13 pounds over the maxi- 
mum of 55 pounds is in the first series 3.03 per cent, and in 
the second 8.19 per cent. These results were obtained, not- 
withstanding the fact that with the more frequent firing the 
doors were more frequently opened. A boiler arranged so 

Table No. 43. 
influence of frequency of the charges of coal. 





Cubic Feet of Air 
at 62* per Pound 
of Coal. 


Temperature 
of Feed-water. 


Temperature 
of Hot Gases. 


Pounds of Coal 
Consumed. 


• 

a 
•0 

1 



a 

u 
V 


Pounds of Water 
Evaporated from 
and at 2x2° per 
Pound of Coal. 


Kind of Coal. 


c « s 


be • 


> 


> J{ rt 

2 W 41 


• 

v. 
9 


u 

V 

a* 


2 

3 « 

CI4 


i 

u 


Ronchamp, 
nut ' 

Ronchamp, 
larf^e and - 
small 


209 
202 

197 

202 

226 
2X2 
20X 
202 


9o°i 

87 

87.S 

86 

87 

87 

87.5 
86 


2I3*» 

224 
927 
226 

230 
226 
229 
228 


849» 
840 

844 
835 

779 
784 
795 
853 


42lO 

426 

414 
421 

396 

410 
410 
489 


225 
225 
225 
225 

225 
225 
225 
225 


oooooooo oooooooo 
oooo oooo 


X3.3 

26.6 

39-2 
55-4 

55-0 
41.1 
28.0 
15.0 


X2.9 
13-4 

12.8 
X2.8 

16.1 
14.6 
14.7 
12.6 


9.87 
9-59 
9.59 
9.58 

8.91 
9.18 

9.38 
9.64 



* Bulletin de la Soci6t6 Industrielle de Mulhouse, vol. XLVI. 
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that the damper became closed or nearly so when the door 
was opened showed upon test an increased evaporation of 14 
to 15 per cent due to this arrangement. 

Loss on Account of Moisture in Coal. — Moisture in coal 
is an exceedingly variable quantity, depending upon the char- 
acter of the coal, its temperature, and its previous exposure 
to the atmosphere. Under ordinary conditions its percentage 
varies from i to 5 per cent. Whatever its amount, it must 
all be raised to 212^, evaporated into steam, and the steam 
raised to the temperature of the escaping gases. It there- 
fore has an important influence upon the theoretical heat- 
value of a given coal. Thus if one coal was composed of 86 
per cent carbon, 1 5 per cent ash, and 5 per cent water, and 
another consisted of the same proportion of carbon, with 5 per 
cent ash and 1 5 per cent water, the theoretical calorific value 
— viz., 11,720 B. T. U. — would be the same, being directly 
dependent upon the amount of carbon. But in the first case 
the available heat (neglecting losses not due to water) would 
be 10,600 B. T. U., while in the second it would be 10,488 
B. T. U., if the waste gases were assumed to escape at 500°. 
This points most clearly to the necessity of keeping coal as 
dry as possible if its maximum heating power is to be realized. 

Loss on Account of Smoke. — The loss resulting from 
the formation of smoke is absolute; for it is equivalent to 
directly robbing the fire of a part of the fuel from which not 
only has no heating effect been secured, but upon which heat 
has actually been wasted in raising it to the temperature of 
the escaping flue-gases. Notwithstanding the prevailing im- 
pression as to the great losses due to the formation of smoke, 
the actual waste is comparatively insignificant, as is shown by 
the following results of carefully conducted experiments by 
Hoadley.* 

During an entire week gas was drawn from the flue of the 
boiler under test, passed through a gas-meter and thence 

* ** Warm-blast Steam-boiler Furnace." J. C. Hoadley. 
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through a muslin strainer at the bottom of a vessel of water. 
When a sufficient quantity of the gases had been passed the 
water was evaporated, and the residuum was dried and 
weighed. The coal used was bituminous, of the following 
average composition : 

Carbon 81 .03 per cent 

Hydrogen 3.84 

Ash 7. 19 

Water. . . 0.63 

Oxygen 4.49 

Nitrogen 2.00 

Sulphur 0.82 

The total quantity of coal burned during the week was 12,890 
pounds, the total quantity of flue-gases reduced to 72® being 
4,263,119 cubic feet, and the total amount of solid matter 
42.63 pounds, as shown by the test. There was, therefore, 
present in solid form in the flue-gases only — 

42.63 

_^ = .oo33 =0.33 percent 

of the matter originally present in the coal. As the gray 
color of the substance thus recovered indicated that it was not 
more than half carbon, it is evident that under the conditions 
of the test the proportion of carbon which was actually carried 
off in black smoke was about one sixth of one per cent of the 
original coal. 

Scheurer-Kestner and Meunier* passed flue-gases through 
asbestos, upon which the particles of carbon were deposited, 
and found that, with good fire and draft and an air-supply of 
257 cubic feet per pound of coal, one half of one per cent of 
the carbon of the coal was lost as smoke-particles. In a 
second trial, with poor fire and draft and only 118 cubic feet 
of air per pound of coal, the deposited carbon was one per 
cent of the total contained in the coal. This latter is to be 

* Bulletin de la Soci6t6 Industrielle de Mulhouse, 1868, 1869. 
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taken as a maximum, the conditions being decidedly adverse^ 
and is more than would be produced in ordinary practice. 
The inference from these experiments must be that the 
average loss of carbon iii the solid form as smoke may be 
taken not to exceed one half to three quarters of one per cent. 
Loss on Account of Carbonic Oxide. — The loss of effi- 
ciency which ensues from the escape of carbonic oxide uncon- 
verted into carbonic acid is due to the much smaller amount 
of heat given out upon the incomplete combustion of carbon 
into carbonic oxide. While carbon burned to carbonic acid 
generates 14,650 B. T. U., the same quantity burned to car- 
bonic oxide gives out only 4400 B. T. U. For every pound 
of carbon which passes off in the form of carbonic oxide there 
is, therefore, a loss of 14,650 — 4400 = 10,150 B. T. 'U., or 

— ^ — = 0.6928 = 69.28 per cent. 

The ultimate effect of the formation of carbonic oxide upon 
the total heat of combustion can be best illustrated by refer- 
ence to the calculation under ** Heat of Combustion" in 
Chapter III. If, instead of the entire 0.80 pound of carbon 
having been perfectly burned, only 0.70 pound had entered 
into combustion with oxygen to form carbonic acid, and the 
remaining o. 10 pound had entered into combustion as carbonic 
oxide, the calculation would have been as follows: 

Heat, in B. T. U., 

(O 02 7\ 
0.05 — ' ) 
0.8 / 

= 13590 B.T. U.; 

showing that there would be a loss in the calorific value of the 
coal of about 7 per cent. Had only half of the carbon been 
completely burned, the loss would have been about 18 per 
cent. But such a loss even as that first instanced does not 
usually occur continuously in any well designed and operated 
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boiler-furnace. In fact, the loss from this source appears to 
be largely overestimated in most cases. 

In Hoadley*s warm-blast furnace-tests the carbonic oxide 
** never in the daytime exceeded half of one per cent, and 
rarely exceeded half that small quantity when the dampers 
were open, for six weeks together.** The proportions revealed 
by Bunte*s tests have already been shown in Table No. 15. 

From the analyses of the chimney-gases of 124 boiler- tests 
made at the Industrial Exhibition at Dusseldorf in 1880,* the 
average amount of carbonic oxide by volume was found to be 
0.747 per cent. In all cases but one bituminous coal was 
used. The air-supply was almost constant; the minimum 
amount of nitrogen shown in any of the tests being 79.3 per 
cent, and the maximum 84.08 per cent, but ranging in most 
cases between 80 and 81 per cent. Omitting four analyses in 
which the carbonic oxide ranged from 3 to 5.3 per cent, the 
average presence of this gas in the remaining 120 tests appears 
to* have been 0.637 P^^ cent. 

There are some conditions of boiler-practice, however, in 
which such good results do not obtain, and in which more or 
less serious losses may occur, largely due to an insufficiency 
of air. It should be clearly understood, however, that the 
same amount of air is not always required. When the coal 
upon the grate is thoroughly ignited the minimum supply is 
necessary, but when the fire is suddenly thickened and cooled 
by additional coal there is a demand for additional supply for 
the purposes of combustion, together with a tendency to clog 
the passages through which the air has previously passed, and 
thereby to prevent complete combustion at the surface of the 
fire. At this time, for perfect conditions, more air should be 
admitted under the influence of more intense draft. 

The effect of excessive firing is practically equivalent to 
the reduction of draft and air-supply for the regular amount 

* •' Die Untersuchungen an Dampfmaschinen und Dampfkesseln, und an 
einigen Rheinischen und Westfalischen Kohlensorten auf der Gewerbe- 
V Ausstellung in DUsseldorf in 1880." herausgegeben von H. v. Reiche und 
F. Bocking, Aachen, i88i. Verlag von J. A. Meyer. 
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of coaly and is conducive to the production of carbonic oxide. 
This was well exemplified by Hoadley in a special test,* the 
results of which are presented in Table No. 44. As is evident 

Table No. 44. 
carbonic oxide produced by excessive firing. 



Time. 


Pounds 
of Coal 

Thrown 

on 
Grate. 


Carbonic 
Acid in 

Chimney 
Gases. 


h. m. 


Pounds. 


Per Cent 
CO,. 


6:15 a.m. 


200 




6:45 


200 




7:15 


200 




7:45 


200 




8:15 


200 




8:45 


200 




9:00 




5.12 


9:15 


200 




9:30 




5-55 


9:45 


200 




10:00 




7.79 


10:15 


200 




10:30 




7.70 


10:45 


200 




11:00 




7.82 


11:15 


200 




11:30 




8.01 


12:00 m. 






12:30 p.m. 




15.21 


12:45 


200 




1:00 






1:30 




14. II 


2:00 






2:30 




13.62 


2:45 


200 




3:00 




14.50 


3:30 




13.18 


3:45 


200 




4:00 




14.96 


4:30 




14.18 


4:45 


200 




5:00 




13.01 



Carbonic 

Oxide in 

Chimney 

Gases. 

Per Cent 
CO. 



2.54 
2.99 

3.99 
4.61 

4.70 

4.81 

0.25 

0.21 

0.33 

0.48 
0.29 

0.38 
0.41 

0.41 



Ratio of 
Carbon in 
Carbonic 
Oxide to 
Total 
Carbon. 

Per Cent. 



43-80 

45.85 

44-63 

48.47 

48-57 

48.55 
2.52 

2.28 
3.67 

4-95 
3-34 

3-84 
4-35 

4.72 



Pounds 
of Air 

per 
Pound 
of Coal. 

Pounds. 



Mean quantity of air 

Mean of all but first two 

Mean ratio of loss ; first six, per cent.. 
Mean ratio of loss ; last eight, per cent. 



33.2 
29.5 
21.4 
20.1 
19.8 

19-3 
19.3 
19-3 

20.05 
20.8 
21.05 
21.3 

19.4 
22.0 

19.3 
20.3 

22.0 

21.653 
20.36 



Pounds 

of Coal 

Burned 

Each Half. 

Hour. 

Pounds. 



83.81 

93.75 
129.24 

137.60 

139.68 

143.30 
143.30 
143.30 

137.94 
132.96 

137.94 
129.85 

142.56 
125.34 

143 • 30 
136.25 

125.34 



Ratio of 

Loss \x^ 

Carbonic 

Oxide to 

Full Power 

of Coal. 

Per Cent. 



27.84 
29.14 

28.37 
30.81 

30.88 

30.86 

1.60 

1.49 
2.31 

3.14 
2.12 

2.44 
2.76 

3.00 



29.65 
2.36 



* "Warm-blast Steam-boiler Furnace." J. C. Hoadley. 
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from the items in the first and second columns, the firing was 
at first very rapid, decreasing as the day passed. During the 
morning 200 pounds were fired every half-hour, while during 
the afternoon the same amount was fired hourly. Gas-samples 
were not taken until 9 A.M., after which time the excess of 
carbonic oxide is noticeable until the slower firing began, 
when the carbonic oxide is immediately reduced, while the 
carbonic acid is practically doubled. The ratio of loss by 
carbonic oxide, indicated in the last column, is of special 
interest. 

Admission of Air Above the Fire. — Since the days of 
C. Wye Williams and his famous work gn the ** Combustion 
of Coal and the Prevention of Smoke," the introduction of 
air above or beyond the fire has been one of the favorite 
methods adopted in the attempt to perfect the combustion of 
coal and prevent the appearance of smoke. In so far as the 
admission of air for the purpose of perfecting the combustion 
is concerned, the results in the way of water evaporation per 
pound of fuel, independently of the prevention of smoke, 
should naturally be looked to as the true indication of its 
efficiency. That, under certain conditions, increased efficiency 
can be thus obtained is evidenced in many tests. As a rule 
the gain is not large, but is greatest with bituminous coals, 
whose large percentage of volatile constituents tends more 
readily to the formation of both carbonic oxide and smoke. 

Table No. 45, compiled from carefully conducted tests by 
Barrus,* serves to show the percentage of both gain and loss 
by such contrivances, the character of which is indicated under 
the designating letters, as follows: 

A. Air conducted direct from outside the setting to the 
interior of the bridge-wall and discharged therefrom through 
perforations in its top covering. The air thus supplied 
mingles with the lower strata of burning gas as it skims over 
the bridge. 

■ 

* ♦* Bollcrtests/' George H. Barrus. 
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Table No. 45. 



EFFECT OF ADMITTING AIR ABOVE THE FIRE. 



a 
'** 

O 
'm 



A 
A 
A 
B 
B 
C 

D 

E 
F 



Kind of Coal. 



Cumberland 

Anthracite, broken 

Two pSrts pea and dust and one part Cumberland. 

Cumberland 

Anthracite, broken 

Two parts pea and dfist and one part culm 

{Two parts anthracite screenings and one part ) 
Cumberland ) 

Three parts pea and dust and one part Cumberland 
Nova Scotia 



Gain. 



2 * 

1) o 
PU 



5.9 



8.4 
1.9 
2.0 



I.O 



o « 

C 4-* 



6.2 



8.0 

3.7 
0.0 



1.5 



Loss. 






0.0 
2.0 



4.3 
4-5 



o ' 

£6 



1.0 

4-7 



2.3 

4.7 



B. Air supplied first to a pipe laid in the bridge-wall and 
thence to perforated cast-iron globes resting upon its top. A 
more thorough mixture of air and gases is thus secured. A 
jet of steam is employed to increase the volume of air which 
would be drawn in by natural means, and the steam thus sup- 
plied mingles with the air. 

C. Air supplied through perforations in the top of the 
bridge-wall and in the sides of the furnace after first passing 
through a series of passages running lengthwise of the walls 
of the setting. 

D. Air admitted through perforated tiles in the sides of 
the furnace of a vertical tubular boiler, after having passed up 
and down through ducts in the walls. 

E. Air admitted in similar manner in the case of a hori- 
zontal tubular boiler, after having passed through side-wall 
heating-flues, as in the case of D. 

F. Air supplied through perforations in the top of the 
bridge-wall and inside of furnace. 

Barrus concludes from these tests that ** a considerable 
advantage attends the admission of air above the fuel when 
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bituminous coal is employed, the amount of gain depending 
somewhat upon the method employed. There is no advan- 
tage in the system where mixtures of anthracite screenings 
and bituminous coal are used, if carried out according to either 
the first or fourth methods (A and C, as here designated), and, 
finally, little or no benefit is derived when anthracite coal 13 
burned." 

It will be observed that four of the boilers here designated 
were provided with certain devices for heating the air before 
its admission to the fire. The gain in efficiency, by such an 
arrangement, is at the best but slight, and when the attempt 
is made to heat by such means all of the air supplied both 
below and above the fire, this plan is found to be totally in- 
adequate. Such increase in temperature of the air-supply as 
may be secured by proper and adequate appliances properly 
concerns the efficiency of the boiler, under which heading it 
will be discussed. Although it is undoubtedly true that heat- 
ing the air intensifies the chemical affinities between the air 
and the fuel, it is doubtful if under ordinary conditions the 
effect is sufficient to be noticeable in boiler-practice. This 
is, however, independent of the economy resulting from the 
abstraction of waste heat from the flue-gases. 

The best results from the admission of air above the fire 
appear to be secured when it is discharged in fine jets into the 
furnace-chamber. For the accomplishment of such results 
other draft than that of the chimney is necessary. It is thus 
that mechanical draft becomes an important factor, both in 
thus furnishing the required air-supply and in overcoming the 
added resistance which results from any attempt to preheat 
the air. 

Loss on Account of Excess of Air. — The method of cal- 
culating the theoretical amount of air required for the com- 
plete combustion of any fuel has already been explained. If 
less than this amount is supplied, a certain portion of the 
carbon passes off unconsumed and forms smoke ; while a part 
of the remainder, being insufficiently supplied with oxygen^ 
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forms carbonic oxide, the product of incomplete combustion. 
If the air be supplied in excess of that necessary for perfect 
combustion, there is a definite loss, which is twofold in its 
character: First, the excess of air entering the furnace is 
heated by the burning fuel, thereby lowering the temperature 
of the mixture of gases and air below that which would prevail 
if the gases only were present. As a consequence, the rate 
of absorption of heat by the water is reduced, for it is depend- 
ent upon the difference in temperature between the water and 
the gases. Second, owing to larger volume and higher velocity 
the temperature of the mixture of gases and air escaping to 
the chimney is higher than would be the case if there were 
no excess of air; while the increased volume is such that the 
total amount of heat thus carried away, without exerting any 
useful effect, is greatly increased. In other words, paradoxi- 
cal as it may seem, the larger the volume of air supplied, the 
higher will be the temperature of the escaping gases. 

As has already been stated, it is a practical impossibility 
so to distribute the amount of air theoretically required for 
the perfect combustion of a given fuel as to secure the ideal 
result. In practice, notwithstanding the fact that all excess 
means loss of efficiency of the fuel, it is necessary to supply 
enough additional air to insure complete combustion even if 
a loss is occasioned thereby. What this excess should be, 
from an economical standpoint, can only be determined by 
practical experiment; and it will be found to vary with the 
character of the fuel, its rate of combustion, the temperature 
of the supply, and the intensity of the draft. 

For the purpose of illustration an anthracite coal may be 
taken, containing 80 per cent of carbon, with an amount of 
inherent oxygen and hydrogen so small in quantity and of so 
little effect that, under the circumstances, it may be neglected. 
The amount of air required for the complete combustion of 
one pound of carbon having already been shown to be very 
nearly 11.51 pounds, that necessary for the combustion of one 
pound of this coal is, therefore, 11.51 X 0.8 = 9.208 pounds, 
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as is also evident by the following calculation, which differs 
slightly because of greater refinement : 



Carbon 0.8 

Oxygen 2.133 



Carbonic acid 2.933 

Nitrogen 7-^7^ 



Products 10.004 



Oxygen 2.133 

Nitrogen 7-07i 



Air 9.204 

Carbon 0.80 



Products 10.004 



The curves presented in Fig. 7 show clearly the effect upon 
the weight and ideal temperature of the gaseous products of 
combustion and their relative volume, resulting from the sup- 
ply of air in various amounts in excess of that theoretically 
necessary for combustion. 

Evidently, as the total volume of gases is heated in each 
case by the products of only one pound of coal, the total heat 
is constant; but because of the greater volume absorbing that 
heat the ideal temperature, as shown by curve Ay decreases 
as the air-supply increases. 

The relative weight of the products of combustion, as in- 
dicated by curve B^ obviously is proportional to the initial 
weight of the air supplied plus a constant represented by the 
portion of the fuel, 0.8 pound in this case, which has united 
with the oxygen to form carbonic acid. 

The decrease in the ideal temperature which follows from 
an increased admission of air results in less expansion and 
consequently greater density of the products of combustion. 
For this reason the relative weight, as indicated by curve C, 
remains practically constant. 

For simplicity, the effect of the greater specific gravity of 
carbonic acid has been neglected in the calculations, and the 
products of combustion have been taken as of constant 
density, at constant temperature, with varying amounts of air 
supplied. 

It is generally accepted that in the case of a st^am-boiler 
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the itmount of heat transmitted from the gases to the water, 
per degree diflference between the gases and the boiler plates 
and tubes, is practically uniform for various differences of 
temperature. In other words, it is practically proportional to 
the difference in temperature. It Is, further, evidently true 
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EXCESS OF AIR IN PER CENT OF AMOUNT CHEMICALLY REQUIRED. 
Fig. 7. EFFECTS OF EXCESS OF AIR. 

that in the case of moving gases the amount of heat trans- 
mitted will be approximately proportional to the time they 
remain in contact with the given surface. The dual influence 
thus exerted upon the final temperature of the gases as they 
leave the boiler is somewhat complicated in its character. 
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As the products of combustion pass across the heating- 
surface and are cooled, their volume, and hence their velocity, 
decreases, and as their temperature approaches that of the 
admitted air, so does their volume. In other words, the 
average rate of flow becomes more nearly proportional to the 
original air-volume. As a consequence, the cooler gases 
resulting from the admission of a larger volume of air have 
less time in which to give up their heat, and are, therefore, 
cooled less in proportion to their temperature than are the 
hotter gases resulting from the admission of a smaller air- 
volume. In addition, these cooler gases, because of the less 
difference between their temperature and that of the boiler, 
give up their heat less rapidly; the final result of these two 
influences, by which the transmission of heat is retarded, 
being that the gases accompanying the larger admission of air 
leave the boiler at a higher temperature than those which 
result from the admission of a smaller amount. Evidently, 
under these conditions the evaporative power of the boiler 
per pound of fuel must be decreased, but with the increased 
air-supply a greater total amount of coal may be burned. 

Of course it is to be understood that these conditions 
exist and results ensue because of the relative proportions of 
heating-surface and grate-surface in the ordinary boiler. It 
has just been rendered clearly evident by Fig. 7, that when 
the heat-abstracting influence of the boiler is eliminated, the 
temperature of the escaping gases, which is in effect the tem- 
perature of the furnace, decreases as the excess of air increases. 
But the intermediary boiler serving, as it ordinarily does, to 
to reduce the temperature of the gases to 400° or SCX)**, cools 
them sufficiently to permit of securing the unexpected result 
of an increasing flue-gas temperature corresponding to the 
augmented volume of air supplied to the fire. It is, there- 
fore, manifest that the lower the normal temperature of the 
escaping gases, the greater will be their increment in temper- 
ature resulting from the admission of more air. 

Burnat conducted a series of experiments, showing that 
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the temperature of the escaping gases increased with the sup- 
ply of air. The boiler, provided with special heaters, had a 
heating-surface of 475 square feet, with a grate of 18 square 
feet; the quantity of coal consumed was 293 pounds per hour> 



660 



eoo 



o5 
u 

CO 

< 
o 

o 

z 

lU 

S 650 

H 

li. 
O 

lU 

tc 

^ 
K 
liJ 
Q. 

s 

u 



500 



«Sk 



: ^„^^ 

e yr 

V^B_^^^H_ ^^^^^^^BM -B^IMa^^iVa I^H^B^iBW^ ■ ■■■ ^^^ ^^^K^IM^^ ^i^^^^^^^ ^IB^^^^^^ —^iB^^B^^ B^^^^^^^ ^^^^H^^^ ^^^^M^^^ >.^^^^^^__ m^^^^m^^^ 

^ . 



150 175 aOO 225 250 275 

CUBIC FEET OP AIR AT 62* PER POUND OF COAL. 
Fig. 8. EFFECT OF INCREASED AIR SUPPLY ON TEMPERATURE 

OF THE ESCAPING GASES. 



300 



or 1 6 pounds per square foot of grate. These results are given 
in Table No. 46 and also presente'd in the curve Fig. 8, which 
serves to show their general trend. If the temperatures had 
been determined and plotted for larger air-volumes, it is evi- 
dent that the curve would have gradually approached the 
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base-line, for with an infinite volume of air the ideal tempera- 
ture must coincide with the initial temperature. 

Table No. 46. 

effect of increased air-supply upon temperature of 

escaping gases. 



Day. 


Cubic Feet of Air at 6a* per 
Pound of Coal. 


Average Temperature of the 
Gases leaving the Boiler. 


First 


272 

198 
168 
124 


624° 
601 


Second .••* 


Third 


550 

487 


Fourth 





The theoretical loss of efficiency, when air is supplied in 
excess and the products of combustion escape at different 
temperatures above the atmosphere, is exemplified in Table 
No. 47, the coal having a heat- value of 11,720 B. T. U. This 
relates to the combustion of one pound of coal. An air- 



Table No. 47. 

LOSS OF EFFICIENCY DUE TO EXCESS OF AIR, AND TEMPERATURE 

OF ESCAPING GASES ABOVE ATMOSPHERE. 



2K 


Temperature of Escaping Gases above Atmosphere. 


c-3 


300*. 


350°. 


400°. 


450^ 


500*. 


550°. 




a 

• 
• 


• cent 
Heat 
Coal. 


a 

• 
« 


r cent 
Heat 
Coal. 


a 

• 


r cent 
Heat 
Coal. 


c 

« 

• 


• cent 
Heat 
Coal. 


a 

• 


r cent 
Heat 
Coal. 


• 


' cent 

Heat 

Co*. 


Excess of i 
that Che 


Total B. T 
Gases. 


Loss in pei 
of Total 
Value of 


Total B. T 
Gases. 


Loss in pe 
of Total 
Value of 


Total B. T 
Gases. 


Loss in pel 
of Total 
Value of 


Total B. T 
Gases. 


Loss in pel 
of Total 
Value of 


Total B. T 
Gases. 


Loss in pei 
of Total 
Value of 


Total B. T 
Gases. 


Loss in pel 
of Total 
Value of 





695 


5.9 


812 


6.9 


928 


7.9 


1044 


8.9 


1 160 


.9-9 


1276 10.9 


50 


1016 


8.7 


I185 


10. 1 


1354 


II. 5 


1524 13.0 


1693 


14.4 


1862I 15.9 


75 


II76 


10. 


1372 


II. 7 


1568 


13-3 


1764: 15.0 


1959 


16.7 


2155 


18.4 


100 


1336 


II. 4 


1558 


13.3 


1781 


15.2 


2CX)3 17.0 


2226 


19. 


2448 


20.9 


125 


1495 


12.7 


1745 


14.9 


1994 


17.0 


2243 19. 1 


2492 


21.2 


2742 


23.4 


150 


1655 


14. 1 


I931 


16.5 


2207 


18.8 


2483 21. 1 


2759 


23-5 


3035 


25-9 


175 


1815 


15.5 


2118 


18.0 


2420 


20.6 


2715' 23.1 


3025 


25.8 


3328; 28.4 


200 


1975 


16.8 


2304 


19.6 


2633 


22.4 


2957 


25.2 


3291 


28.0 


3621 


30.8 



122 



STEAM-BOILER PRACTICE, 



supply IOC per cent in excess of that chemically required, and 
a temperature of escaping gases 450^ above the atmosphere, 
represents fairly well the ordinary conditions of boiler-practice 
with chimney-draft, under which it will be noted that the loss 
is no less than 17.0 per cent. A chimney requires a high and 
wasteful temperature of gases to produce the draft, but this 
is unnecessary with mechanical means for draft-production. 
A moderate reduction to 75 per cent excess air-supply and 
300° would show an economic gain of 7 per cent. 

As bearing upon the evaporation of the boilers, the results 
embodied in Table No. 48 emphatically indicate the loss due 
to an increase in the air-supply. These tests, by Burnat,* 
were upon boilers of various types. The air chemically 
required for perfect combustion was 130 cubic feet per pound 
in the case of the Ronchamp coal. 




150 180 » 170 

CUBIO FCBT OF AIR AT 62" SUPPLIED PER POUND OF COAL. 

F?g. 9. FULL EFFICIENCY WITH CONSTANT COAL CONSUMPTION ^ 

AND VARIABLE AIR SUPPLY. 

A comparison of the efficiencies with different amounts of 
air but with constant coal consumption is indicated by the 
curve Fig. 9. This is plotted for the Ronchamp mixed coal, 



* Bulletin de la Soci6t6 Industrielle de Mulhouse, vol. xxx. 
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Table No. 48. 
effect of air-supply on the efficiency of fuel. 



BoUer. 


Coal. 


5 

" Relative 
S Efficiency. 

• 


. 

u 
9 



la 

I 
Pounds. 


P Air at 62® supplied 

per Pound of 
3 toal. 

• 


Water Evaporated 
^ from and at 3x2* 
!• per Pound of 
Coal. 


Heating-surface = 513 
square feet. 

Grate-surface = 14.2 
square feet. 


Ronchamp 
mixed. 


100 
100 

107 

112 

"3 


00000 

CO CO CO CO CO 
CO CO CO CO CO 


219 
216 

174 
148 

127 


7.09 
7.08 
7.62 
8.00 
8.06 


Heating-surface = 301 
square feet. 


Sarrebrtick 

slack, 
very inferior. 


100 

104 
108 

112 
112 
108 

no 


284 

285 

276 

257 

242 

237. 
234 


222 
229 
200 

145 

153 
207 

126 


5.46 

5.67 

5.93 
6. II 

6.13 

5.92 
6.01 


Heating-surface = 475 
Square feet. 

Grate-surface = 18 
square feet. 


Sarrebriick 

slack, 

very inferior. 


100 
108 
112 

114 
III 

lOI 


367 
370 

375 
361 

367 

316 


290 
264 
190 

141 
196 
121 


5.26 

5.67 
5.88 
6.03 
5.86 
5.32 


Heating-surface = 291 
square feet. 


Half Ronchamp 

slack and 

SarrebrUck 

slack. 


100 
108 

107 

no 


280 
263 

259 

260 

1 


190 
169 

152 
123 


6.60 
7.10 

7.09 
7.26 



the only series of tests in which there was no variation in the 
amount of coal consumed per hour. Although thus restricted 
to displaying only one set of results, it very clearly shows 
the decrease in efficiency which follows an increase in the air- 
supply. The effect of the excess of air in not only increasing 
the temperature of the escaping gases, but also their quantity, 
readily accounts for this reduction in evaporative efficiency. 
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From the results given in the table it would appear that 
the best practice consisted in keeping the volume of air 
admitted as small as possible. But the result of such supply^ 
although increasing the efficiency, even though imperfectly 
burning the coal, would cause a dull fire with abundant smoke 
and meet with serious practical objection on account of the 
difficulty of maintaining it under varying conditions of 
demand. It would, in fact, be a fire requiring the utmost 
care ^nd attention on the part of the fireman, and liable to 
fail to raise steam when suddenly required. 

In all boiler practice there is no factor more subtle in its 
influence than that which has just been discussed. Because 
air is invisible, its weight or volume supplied to the fire not 
easily determined, and even the intensity of the draft but 
seldom indicated, it is natural that proper regulation of the 
supply should not be readily secured. Except in so far as 
evidenced by the formation of smoke, a lack of air and draft 
is not ordinarily appreciated by the fireman, and great waste 
may continue to occur on account of incomplete combustion 
and the discharge of its imperfect result, carbonic oxide. On 
the other hand, as elsewhere shown, the arrangements may 
be such as to render the small volume of air one of the most 
important elements in securing increased efficiency in the 
evaporation per pound of coal. 

Summary of Influences AfTecting the Efficiency of Fuel. 
— The relative importance of the principal influences which 
have just been discussed and the manner in which they are 
exerted may be very clearly shown by an analysis of the 
results of combustion of a given quantity of coal, in the 
manner adopted by Coxe.* For the purpose of illustration 
there has been taken lOO pounds of anthracite coal of the 
composition shown in the accompanying Tabular View. It is 



***Some Thoughts on the Economical Production of Steam, with 
Special Reference to the Use of Cheap Fuels, by a Miner of Coal." Eckley 
B. Coxe. Trans. New England Cotton Manufacturers' Association, April, 

1895. 
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Tabular View 

showing results of combustion of loo pounds of anthra- 
cite coal with twice the theoretical amount of air 
required. 



Entering 
furnace. 



100 lbs. 
of coal. 



Pounds. 
2.00— — < 



fWater 

Ash..... zi.s 

Carbon 82 

Hydrogen a. 00 

Oxygen 1.60 — 

.Nitrogen 0.90 



I.OO-< 



1929.83 lbs. 
of air. 



Oxygen for COj. 213.33- 
Oxygen for H,0. 14.40- 
Oxygen for CO.. 00. < 

Oxygen free 227 . 731 

Nitrogen 2474. 37 . 

.Water 9.50- 



-T 
I 

I 

I 
I 

% 




I 

"1" 

I 



Waste Products in Chimney. 

, » , 

Pounds P^^ ^*°^ 
I'ounas. jjy ^^ 

Steam.... 29.50 z.46 

COa 99333 M.48 

Nitrogen. 1475.27 72.82 

CO 00.00 00.00 

•Oxygen.. 227.73 11.24 

Waste Products in Ash-pit. 

T3».,«^e Per Cent 
Pounds. by Wt. 

( Asb 11.50 85.18 

I Carbon . 3.00 14.81 



Total Heat of Fuel. 
Weight of C X 14.650 = 82 X 14,650 = 1,201,300 B. T. U. 

Weight of H - i ^^'f ^ ) X 62,100 = 2 - (~) X 6a,ioo = 111,780 



1,313,080 



«t 



Heat Generated. 
80 X 14,650= 1,172,000 B. T. U. 

3 — (-j-jx 62,100= ,, 111,780 " 



1,283,780 



i( 
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assumed that double the theoretical amount of air is supplied^ 
that the atmosphere contains a normal amount of moisture, 
that two pounds of carbon remain unconsumed and pass to 
the ash-pit, that neither carbonic oxide nor smoke is formed, 
that the coal and air have an original temperature of 60° when 
they enter the furnace, that the chimney-gases have a tem- 
perature of 500**, and that the ash has a temperature of 450°. 
The total heat of 100 pounds of the fuel is shown to be 
i>3i3>o8o B. T. U., but, owing to direct loss to the ash-pit, 
the heat generated amounts to only 1,283,780 B. T. U. The 
Tabular View indicates the relative weights of the various 
products of combustion, and the accompanying Table No. 49 

Table No. 49. 

heat losses incident to the combustion of loo pounds 

anthracite coal. 



Heat-losses. 



By water = [(ai2-6o) X wt.] -f gfic.jXwt. -|- [sp. beat X (500—212) X wt.] 

By carbonic acid = wt. X sp. heat X (500 — 60) 

By nitrofiren = wt. X sp. hea X (500 — 60) " 

By free oxygen = wt. X sp. heat X (500 — 60) 

By ash = wt. X sp. heat X (450 - 60) 

By carbon in ash = wt. X sp. heat X (450 — 60) + wt. X X4650 

By carbonic oxide = wt. X sp. heat X (500 - 60) -f wt. X 4400 



Total heat lost exclusive of loss by radiation 

Theoretically possible evaporation in pounds of water from and at 2x2" 

per pound of combustible utilized 

Theoretically possible evaporation in pounds of water from and at 2x2° 

per pound of fuel utilized 



Number 

of 
B. T. U. 



370x2.5 
27994.2 
X58452.8 
21973.6 
X105.7 
29488.3 



276027.1 



Per cent 

of Total 

Heat of 

Fuel. 



2.83 
2.13 
12.07 
1.67 
0.08 
2.24 



21. 02 



12.73 
XO.44 



shows the heat-losses from these sources, together with their 
methods of calculation. It is evident that under the assumed 
conditions 21.02 per cent is irretrievably lost, and that, neg- 
lecting the loss by radiation from brickwork, the efficiency of 
the fuel is 78.98 per cent. With the given fuel these losses 
can only be lessened by decreasing the air-supply, preventing 
the loss of some of the carbon to the ash-pit, and by proper 
means lowering the final temperature of the escaping gases. 
The total loss through moisture in coal and air, ash in coal> 
and carbon in ash amounts to 5.15 per cent. 
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Commercial Efficiency of Coals. — The cost of producing 
a given amount of steam is the ultimate criterion by which 
the efficiency of any fuel must be judged. The commercial 
efficiency not only concerns the amount of water evaporated 
by a pound of fuel, but is directly dependent upon the follow- 
ing items of expense: firsts interest, rent, taxes, and insurance 
on the cost, and the depreciation of the plant; second^ repairs; 
thirdy cost of water from which the steam is generated ; fourth^ 
labor; fifths getting rid of the ashes; sixthy cost of the fuel 
in the boiler-house. 

The cost of water may be considered practically constant 
in the comparison of fuels in a given boiler-plant, but the 
items of interest, depreciation, and repairs are to a great extent 
directly dependent upon the fuel; for with the cheaper fuels 
more expensive contrivances are usually necessary, and under 
the same conditions the output of the plant decreases with the 
quality of the fuel. This latter fact is quite clearly shown in 
Table No. 41, in which the water evaporated per square foot 
of heating-surface grows less as the quality of the fuel degen- 
erates. It is still further indicated by Table No. 50, in which 
the horse-power of various boilers, tested by Barrus * under 

Table No. 50. 



EFFECT OF QUALITY OF FUEL UPON OUTPUT OF BOILER. 



Kind of Fuel. 



Cumberland 

Anthracite, broken 
Pea 



One part screenings and one part 

Cumberland 

Three parts screenings and one 

part Cumberland 

Two parts pea and dust and one 

part Cumberland 

Forty-four parts pea and dust and 

thirty-seven parts culm 



54 



60.0 
53-9 



38.5 



Rated Horse-power of Boiler. 



74 



143.8 
105.5 



95.1 






87 



105.4 
84.0 



82.2 



139 



192.3 
149.2 



157. 1 



140 



94.0 
103.8 



118. 1 



270 



214.6 
196. 1 



204.8 



* " Boiler-tests." George H. Barrus. 
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somewhat different draft conditions, is compared with their 
rated power when using various kinds of coal. This decreased 
power is largely due to the reduced combustion per square 
foot of grate, which may be counteracted to a certain extent 
by increasing the grate-surface. 

The largest and most important factor, however, is the 
cost of the fuel itself, which should be measured, not by the 
number of pounds, but by the available heat-units obtained 
for a given price. In this cost are properly included the 
transportation charges, the expense of getting the coal into 
the boiler-house, and putting it into the furnace, as well as 
taking out and carrying away the ash. Practically all of these 
costs are directly dependent upon the weight of the coal, 
regardless of the number of heat-units it is capable of develop- 
ing. But the net cost depends, not upon the number of units 
in the coal, but upon the number that can be utilized under 
the given conditions. The haulage of ashes becomes so im- 
portant in some cases that it is found more economical to pay 
a higher price for a coal containing less ash rather than go to 
the necessary expense of teaming to a considerable distance 
the ashes from a poorer fuel. 

As the cost of transportation of the coal is practically 
dependent upon the weight and independent of the character 
of the coal, the proportional difference in price which may 
rule at the mine may be almost extinguished when an equal 
charge is added for the transportation of each. Thus No. 2 
buckwheat may prove a very economical fuel when utilized at 
the mine, where it may be purchased at 25 cents per ton, 
although its direct calorific efficiency is low and it requires a 
special form of furnace for satisfactory combustion. No. i 
buckwheat coal costing 50 to 60 cents under the same condi- 
tions may, however, prove to be a close rival because of its 
higher efficiency and the greater ease with which it may be 
consumed. But this difference of 100 to 120 percent in cost 
becomes reduced to a difference of only 11 to 15 per cent 
when a transportation charge of $2.00 per ton is added to 
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each. Both of these coals, although requiring a larger boiler- 
plant for the same aggregate evaporative results, may, after 
transportation charges are added, prove on the whole more 
economical than larger-sized anthracite of higher efficiency 
but at higher prices. 

A comparison of the losses shown in Table No. 49, reduced 
to the commercial relation when different kinds of coal are 
used serves to make the preceding clear. This comparison 
is presented in Table No. 51, showing the relation between 

Table No. 51. 

COMMERCIAL VALUE OF THE LOSSES INCIDENT TO BURNING Io6 

POUNDS OF COAL. 



Losses. 



By water 

By carbonic acid 

By nitrogen 

By free oxygen 

By ash 

By carbon in ash 

Total loss, not including radiation from brickwork. 

Actually utilized, including radiation from brickwork 

Cost of fuel to evaporate loo pounds of water from 

and at 2X2° 



Kind and Price of Coal. 



Buckwheat Coal. 


Pea Coal. 


$0.50 


$2.50 


$j.5o 


$3.50 


$0.00063 
0.00048 
00269 
0.00037 
0.00002 
0.00050 


$0.00315 
0.00238 
0.01347 
o.ooz86 
0.0009 
0.0025 


$0.00189 
0.00143 
0.00808 

O.OOtI2 
0.00005 
0.00150 


$0.00442 
0.00333 

0.0x886 
0.00261 

O.OOOI2 

0.00350 


0.00469 


0.02245 


0.01407 


0.03384 


0.01763 
0.00214 


0.08816 
0.01069 


0.05289 
O.O064X 


0.12341 
0.01497 



an anthracite buckwheat costing 50 cents per ton at the mines, 
the same coal when transportation charges of $2.00 have been 
added, and pea coal costing $1.50 at the mines, with the same 
expense for transportation as the buckwheat. In each case 
the coal is assumed to be burned with double the theoretical 
amount of air, while the loss by radiation, which might amount 
to from 4 to 20 per cent, has not been considered. This loss, 
if known, should be deducted from the amount here given as 
actually utilized. The cost is based in the four cases upon 
the theoretical evaporation of 10.44 pounds of water from 
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and at 212® per pound of coal, as given in Table No. 49, In 
practice these results would undoubtedly have to be corrected, 
relatively as well as directly, because of the higher evapora- 
tion probable with the pea coal. 

Based upon the cost of the coal and firing, the following 
will serve to illustrate the economy that may be secured by 
burning a cheaper fuel of lower efficiency. In a certain plant 
equipped with horizontal tubular boilers and down-draft fur- 
naces, an evaporation of 8.5 pounds of water from and at 2 12"^ 
was regularly obtained. The coal used was Illinois slack, 
costing $1.40, delivered under the boilers. This makes the 
cost about 8.3 cents per 1000 pounds evaporated under these 
conditions. Had the best picked anthracite coal, costing 
$4.80 per ton, under existing market rates, been used, and 
had it evaporated the generous amount of 12 pounds of water 
from and at 212°, the cost would have been 20 cents per 1000 
pounds. 

The relative evaporative values of different coals, as deter- 
mined by Barrus* and presented in Table No. 52, will serve 

Table No. 52. 

RELATIVE EFFICIENCIES OF VARIOUS COALS. 



Kind of Coal. 


Water 
Evaporated 

from and 

at 212° by I 

Pound of 

Dry Coal. 


Relative 

Efficiency 

in per cent. 

Cumber- 
land — 100. 


Cost of 

Coal 
per Ton. 


Fuel Cost 
of Evapo- 
rating 
1000 lbs. of 
Water from 
and at 212°. 


Relative 

Efficiency 
in per cent 

Measured 
by Cost to 
Evapornte 

1000 lbs. 

Cumber- 
land = loo. 


Cumberland ......•• 


Z1.04 

9-79 
9.40 

9-38 

o.ox 
8.86 
8.42 


100 
89 
8S 

8s 

82 
80 
76 


l3'7S 
4.50 

5.00 

= ■58 

2.58 
4.00 
2.00 


$0.1698 
0.2297 
0.2660 

0.1375 

C.1432 
0.2259 
0.1187 


TCV) 


Anthracite, broken 


74 
64 

123 

119 

75 
156 


Anthracite, chestnut 

Two parts pea and dust and 

one part Cumberland 

Two parts pea and dust and 

one part culm 

Anthracite, pea 

Nova Scotia culm 



as an excellent basis for comparison upon a broader scale. 
The prices per ton were those ruling in Boston at the time of 
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this writing. Measured solely by the fuel cost of evaporating 
1000 pounds of water, the advantage is manifestly with the 
less efficient but cheaper coal, while the high-priced anthracites 
show the smallest return. 

It is true that as the quality of the coal grows poorer and 
the size of the particles less, it becomes more necessary to 
provide greater intensity of draft, preferably by mechanical 
means, and some special form of grate or stoker for its proper 
burning. If the latter means are not provided, the labor 
account for firing will probably be increaseds But even with 
due allowance for these items it is usually possible to show a 
commercial advantage in the use of low-grade fuels if burned 
under the proper conditions. 

The possible annual savings in fuel-cost alone with coals 
of low grade is well evidenced in Table No. 53. 



Table No. 53. 
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This table has been calculated for a 1000 H.P. power 
plant and is based upon 312 working days of 10 hours each. 
Cumberland coal costing, in round numbers, $4.00 per ton 
and evaporating 11 pounds of water from and at 212° has 
been taken as unity. At this rate the total annual cost for 
coal would be $19,568. If the assumption be made that, for 
instance, a coal costing $2.50 per ton and evaporating only 
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9 pounds of water is substituted, the annual saving, is shown 
to be $4621. If a fan be introduced to produce the requisite 
draft, and if it required for its operation even i J per cent of 
the coal fed to the boilers (assuming that the exhaust-steam 
from the fan-engine is not utilized), this would amount to only 
$224 in value, which, if charged against the saving, would still 
leave it at $4397, an amount sufficient to show a creditable 
reduction in operating expense, even if there was also de- 
ducted from it any additional labor and the fixed charges on 
a complete equipment of special appliances for the burning of 
the lower-grade fueK 

Based upon the cost of the coal alone, the rate of evapora- 
tion must vary inversely as the cost in order to secure equiv- 
alent results in water evaporated per unit of cost. This 
principle has been carried out in the calculations of Table 
No. 54. Thus, if coal at $3.50 per ton has an evaporative 
power of unity, it will be necessary for one pound of coal at 
$5.00 per ton to evaporate 1.43 times as much water to pro- 
duce the same commercial result; or if coal costing $1.50 per 
ton is substituted for coal costing $4.00 per ton, the cost per 
pound of water evaporated will be the same if the latter fuel 
evaporates 0.38 as much as the former. 

Influence of Mechanical Draft. — Intense draft is one of 
the most important factors in the utilization of cheap fuels; 
hence the value of mechanical draft, by which this intensity 
can be most economically produced. Its influence will be dis- 
cussed later at length, but it is here proper to present illustra- 
tions of the increased economy in fuel resulting from its use. 

At the United States Cotton Company's mills, at Central 
Falls, R. I., is a boiler-plant consisting of three Babcock & 
Wilcox boilers of 335 horse-power each, — a total of 1005 
horse-power. The draft is furnished by a 90-inch Sturtevant 
blower, which forces the air to the ash-pits, and whose speed 
is automatically regulated by a special device, so that the 
volume of air and intensity of draft are continually changing 
to suit the varied conditions and requirements of the fire. 
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Table No. 54. 
rates of evaporation for equivalent cost of coal. 









Cost of Coal per Ton. 






Cost of Coal 
















per Ton 


















$0.50 


$1.00 


$1.50 


$a.oo 


$2.50 


$3.00 


$3-50 


$0.50 


I.OO 


2.00 


3.00 


4.00 


5.00 


6.00 


7.00 


I.OO 


0.50 


I.OO 


1.50 


2.00 


2.50 


3.00 


350 


1.50 


0.33 


0.67 


I.OO 


1-33 


1.67 


2.00 


2.33 


2.00 


0.25 


0.50 


0.75 


I.OO 


1.25 


1.50 


1-75 


2.50 


0.20 


0.40 


0.60 


0.80 


I.OO 


1.20 


1.40 


3.00 


0.17 


0.33 


0.50 


0.67 


0.84 


I.OO 


1. 17 


3.50 


0.14 


0.29 


. 0.43 


0.57 


0.71 


0.86 


I.OO . 


4.00 


0.13 


0.25 


0.38 


0.50 


0.63 


0.75 


0.88 


4.50 


O.II 


0.22 


0.33 


0.45 


0.56 


0.67 


0.78 


5.00 


O.IO 


0.20 


0.30 


0.40 


0.50 


0.60 


0.70 


5.50 


0.09 


0.18 


0.28 


0.36 


0.45 


0.55 


0.64 


6.00 


0.08 


0.17 


0.25 


0.33 


0.42 


0.50 


0.58 


6.50 


0.07 


0.15 


0.23 


0.31 


0.39 


0.46 


0.54 


7.00 


0.07 


0.14 


0.21 


0.29 


0.36 


0.43 


0.50 



Cose of Coal 
per Ton. 


$4.00 


1450 


$5.00 


$5.50 


$6.00 


$6.50 


$7.00 

• 


$0.50 


8.00 


9.00 


10.00 


11.00 


12.00 


13-00 


14.00' 


I.OO 


4.00 


4.50 


5-00 


5.50 


6.00 


6.50 


7.00 


1.50 


2.67 


3.00 


3-33 


3.67 


4.00 


4.33 


4.67 


2.00 


2.0U 


2.25 


2.50 


2.75 


3.00 


3.25 


3-50 


2.50 


1.60 


1.80 


2.00 


2.20 


2.40 


2.60 


2.80 


3.00 


1.33 


1.50 


1.67 


1.83 


2.00 


2.17 


2.33 


3.50 


1. 14 


1.28 


1-43 


1-57 


1. 71 


1.86 


2.00 


4.00 


I.OO 


1. 13 


1.25 


1.38 


1-50 


1.63 


1-75 


4.50 


0.89 


I.OO 


I. II 


1.22 


1-33 


1.44 


1.55 


5-00 


0.80 


0.90 


I.OO 


1. 10 


1.20 


1.30 


1.40 


5.50 


0.73 


0.82 


0.91 


I.OO 


1.09 


1. 18 


1.27 


1.00 


0.67 


0.75 


0.83 


0.92 


I.OO 


1.08 


1. 17 


6.50 


0.62 


0.69 


0.77 


0.85 


0.92 


I.OO 


1.08 


7.00 


0.57 


0.64 


0.71 


0.79 


0.86 


0.93 


I.OO 



Before this mechanical-draft plant was put into operation the 
,fuel employed was George's Creek Cumberland coal, costing 
$4.00 per ton of 2200 pounds, delivered at the boiler-room. 
After the fan with automatic control was put in use, the 
quality and price of the fuel was reduced to a mixture of about 
70 to 75 per cent of No. 2 buckwheat, 20 to 25 per cent of 
yard screenings, and 5 to 10 per cent of Cumberland, costing 
$2.62 per ton. This change reduced the fuel cost per indicated 
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horse-power of the engine to only $5.80 per year. The 
annual saving in cost of fuel was about $6500. 

Another illustration is that of the Hotel Iroquois at 
Buffalo, N. Y. The boiler-plant consists of four 'Babcock & 
Wilcox boilers aggregating 328 horse-power. The record of 
one year's operation with chimney-draft is presented in Table 
No. 55. The succeeding year the plant was operated under 

Table No. 66. 

results of operation of boiler- plant at hotel iroquois, 
buffalo, n. y., without mechanical draft. 



Time. 



f 



Dec. I, 1892, 

to 
Nov.. 30, 1893 



\ 



Kind of Coal. 



Hard-coal 
screenings 

Hard-coal 
screenings 

Soft nut 

Soft nut 

Soft nut 

Soft nut 



Number 


Cost 


of 
Tons. 


Ton. 


232 


$1.25 


601.9 


1.30 


696.95 


2.20 


15.04 


2.25 


1759-6 


2.30 


1445.75 


2.40 



Total Cost 

of each kind 

of Coal. 



$l07i.45 



$9084.92 



Weight and Total 

Cost of Coal 

for Year. 



4751.24 tons 
$10157.38 



mechanical draft, by means of cased fan with wheel 36 inches 
diameter by 18 inches wide, driven by a direct-connected 
engine, the speed of which was automatically regulated. The 
maximum ash-pit pressure was i J inches of water, correspond- 
ing to a maximum fan-speed of 655 revolutions per minute. 
The results of one year's run under these conditions are pre- 
sented in Table No. 56, from which it is evident that although 

Table No. 56. 

results of operation of boiler-plant at hotel iroquois, 
buffalo, n. y., with mechanical draft. 



Dec. I, 1893, 

to 
Nov. 30, 1894 



Hard-coal 
screenings 

Hard-coal 
screenings 

Hard nut 

Soft nut 

Soft nut 





- 


1299.95 


$1.30 


2610.8 


1.40 


3.02 

84*3.03 
255.9 


3.50 

2.10 
2.20 



$5356.24 



^ $2333-69 



5013 tons 
$7680.93 
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the total consumption of the lower-grade coal — the burning 
of which was made possible by mechanical draft — was larger 
than that of the higher-grade coal in the preceding year, there 
was an actual reduction of about 25 per cent in the total cost. 
With chimney-draft four boilers were needed to develop the 
necessary amount of steam, but after the fan was introduced 
three boilers proved to be sufficient notwithstanding the fact 
that the average load during the second year was 30 horse- 
power greater. 

The savings indicated in these cases, although the result 
of introducing mechanical draft, are directly attributable to the 
intensity of draft produced thereby and the consequent ability 
to burn a grade of coal which was impossible v/ith the less 
intense chimney-draft. 

Prevention of Smoke. — The tendency of a coal to pro- 
duce smoke increases with the volatile combustible matter 
which enters into its composition. Pure carbon and coke are 
smokeless, and the best anthracite coal is practically so, but 
the bituminous coals are as a rule distinguished for their 
smoke-producing qualities. As has already been shown, the 
actual amount of unconsumed carbon passing away from a 
well-constructed boiler in the form of smoke seldom, if ever, 
exceeds one per cent of the total amount of carbon in the 
coal. Nevertheless, because of the visible effect of even such 
a small amount, the ** smoke naisance " is widespread and of 
serious consequence in some localities. Many have been the 
devices presented and applied for overcoming this evil, 
although but few have met with ultimate success. 

As smoke is a result of incomplete combustion, its preven- 
tion must be sought through the provision of an ample supply 
of air, with sufficient intensity of draft and the maintenance 
of a high temperature of the fuel-bed. Unless the proposed 
preventive device meets these requirements it has little hope 
of success. 

The contrivances which have been applied for the purpose 
may be broadly classed as follows: 
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I. Mechanical or forced draft. 

II. Arrangements for admission of air above the fire^ 
under which may be included steam-jets for inducing a flow 
of air. 

III. Fire-brick arches or checker-work, placed over the 
bridge-wall or near the end of the fireplace, for the purpose 
of mixing and heating the gases. 

IV. Hollow walls for preheating air. 

V. Coking arches or chambers constructed in front of tlfe 
fireplace, whence the coke is pushed to the rear as the volatile 
matter is distilled off. 

VI. Double combustion, whereby part or all of the gases 
are passed a second time through the fuel. 

VII. Down-draft furnaces in which air is admitted above 
the grate and the gases pass down through it and thence to 
the heating-surface. 

VIII. Automatic stokers. 

With coals of moderate smoking qualities mechanical draft 
in its simplest application, by its power to furnish an adequate 
amount of air under a pressure sufficient to cause it to pass 
readily through the fuel, meets all the requirements of a smoke 
preventive, even when all of the air is admitted beneath 
the grate. With excessively smoky coals, however, a por- 
tion of the air may be admitted above the fuel. The best 
results are obtained when this air enters the furnace under the 
influence of positive means, in a series of jets, by which it is 
forced to commingle with the gases as they rise from the bed 
of fuel. Owing to the tendency of cold air thus admitted to 
chill the fire and actually increase the amount of smoke, it is 
desirable, when rapid combustion takes place, that the air be 
preheated to a considerable degree. 

The steam-jet has also been employed to induce a flow of 
air which, mixed with steam and thus heated, is forced either 
beneath or above the fire, as the case may be. While the 
admixture of steam incident to this method of draft-produc- 
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tion lessens the tenderifcy to clinker, nevertheless its cost of 
operation is much greater than that of the fan-blower, as will 
be shown later. Evidently all of the steam thus admitted 
must be raised to the temperature of the escaping gases, 
thereby reducing the efficiency of the fuel. 

Hoadley * made clear the inefficiency of preheating devices 
where the draft is not sufficiently strong to cause the neces- 
sary movement of air, and the inadequacy of passages in brick 
settings as means of heating the air prior to its admission 
above the fire. la the boiler under test these passages were 
formed in the brick setting of the back and sides, in the rear 
of the bridge-wall, and communicated with openings at the 
bridge-wall and in the side walls of the furnace. Sliding 
datopers were provided to regulate the admission of air; but, 
as stated by Hoadley, ** careful and repeated experiments and 
observations proved that these dampers could never be opened 
without checking the draft through the fuel and lowering the 
temperature of the fire; and it is not impossible that a very 
slight leakage through the closed dampers may have lowered 
the efficiency of the boilers. 

As regards the arrangement ** for heating air or ' super- 
heating it ' (whatever superheating may be supposed to mean 
when applied to a permanent gas), ... no good was ever 
found to result from this system of flues; indeed it is doubt- 
ful if any considerable quantity of air ever passed through the 
flues at all, although some must have flowed in when the 
dampers were opened, since the resistance of the open flue, 
circuitous as it was, could hardly have been so great as that 
of the coal on the fire-grates." 

With a temperature of about 2000° immediately above 
the fire in the ordinary furnace, it is evident that any device 
which heats the air but a few degrees above the temperature 
of the atmosphere can have no practical effect upon the com- 

* ** Warm-blast Steam-boiler Furnace." J. C. Hoadley. 
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bustion, and that some more elaborate arrangement is neces- 
sary. As such devices pertain more properly to the efficiency 
of the boiler, they will be discussed under that head. 

Firebrick arches and coking-chambers are both serviceable 
in preventing the formation of smoke, but require very care- 
ful management. 

As the inflammable gas (CO) and the unconsumed carbon 
together seldom exceed two per cent of the total gases, any 
attempt to burn them again, as by " double combustion,'* is 
futile. Apparent success is due to the admission of additional 
air. 

The down-draft furnace, owing to reversal of the usual 
direction of movement of the gases, requires a water-grate to 
withstand the intense heat. The practical features of such 
construction generally make it impossible to prevent consider- 
able of the fuel dropping through the grate. To avoid loss 
from this source an auxiliary grate is usually provided^ upon 
which this fuel may be consumed. Even with a forced fire 
and careless firing such an arrangement appears to insure a 
good smoke record. The conditions are such, however, that 
greater draft is required than with the ordinary type of 
furnace. 

As a rule, automatic stokers are introduced for reasons 
other than the prevention of smoke, although, by their uni- 
formity of feeding and their frequent application of the coking 
principle in their construction, they are capable, under favor- 
able conditions, of giving good results. They do not, how- 
ever, readily handle caking or clinkering coals, and usually re- 
quire coal of the large sizes, and hence are restricted in their 
application. 

With ordinary coal and hand^firing the prevention of 
smoke is largely dependent upon the fireman, irrespective of 
any special appliances; for these, no matter how excellent 
their character, are in course of time likely to be neglected. 
Many devices applied for this purpose, or for increasing the 
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efficiency, have shown favorable results merely because they 
compelled greater attention on the part of the fireman in the 
care of boilers that were previously worked with marked in- 
efficiency. Beyond certain factors, such as a sufficiency of 
draft, a good fireman is, after all, the most important factor in 
increasing efficiency and preventing smoke. 



/ 



CHAPTER VI. 
EFFICIENCY OF STEAM-BOILERS. 

Measure of Efficiency. — The practical efficiency of a 
boiler and that of the fuel consumed in connection with it are 
interdependent. That is, the attainable efficiency of the fuel 
is dependent upon the design and operation of the boiler, its 
furnace, and accessories; while the efficiency of a given boiler 
is a direct measure of the amount of heat actually derived 
from the fuel employed as compared with its total calorific 
value. It has long been the custom to compare boilers upon 
the basis of the number of pounds of water evaporated by each 
per pound of fuel or combustible burned. Of course, efficien- 
cies measured thus vary greatly in different types of boilers; 
but, broadly stated, it is undoubtedly true that the rate of 
evaporation per pound of coal from feed-water at 60° into 
steam of 80 pounds gauge-pressure is in general below 
8 pounds. This is equivalent to 9.56 pounds from and at 
212°. Indeed, 8 pounds of dry steam under the above con- 
ditions is a fair result, 8.25 pounds a good result, 8.5 pounds 
very good, and 9 pounds about the best usually attainable. 
This latter amount corresponds to 10.74 pounds from and at 
212°, is equivalent to 69 per cent of the full calorific power of 
carbon, and is for coal of five sixths carbon a liigh result. 

Results thus compared are, however, liable to be decep- 
tive, — in some cases intentionally so, — because of the wide 
variation in the quality of coal. Thus, by means of picked 
coal of high calorific power, an exceptionally high evaporation 

may be obtained and used to advocate the merits of a given 
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boiler. Less attention is generally given to the quality of the 
coal than to the amount of water evaporated per pound, and 
the fact is not always recognized that a poor boiler tested with 
good coal may actually give a greater evaporation than a good 
boiler with poor coal. The possibility of obtaining such 
results is rendered evident by Table No. 57, showing three 
sets of assumed but perfectly practical conditions. 

Table No. 57. 

RELATIVE EFFICIENCY OF BOILERS. 



Designation of 
Boiler. 


Heat-yalue of One 

Pound of Coal. 

B. T. U. 


Evaporation from and at 

212° per Pound of Coal. 

Pounds. 


Efficiency. 
Per cent. 


A 
B 
C 


14500 

II250 

9500 


7.50 
8.19 
6.86 


50 
70 
70 



If the measure of efficiency were to be based solely upon 
the evaporation per pound of coal, boiler B would be selected. 
But it is equalled in efficiency by boiler C, if the efficiency be 
measured by the proportion of available heat utilized, although 
it evaporates 1.33 pounds less water because of the poorer 
quality of the coal. Whether it would be commercially the 
more efficient of the two would depend upon the relative cost 
of the two kinds of coal, and that having a heat-value of 
9500 B. T. U. would have to cost about 14 per cent less. 
Based upon water evaporated, boiler A appears more efficient 
than boiler C, but measured by the amount of heat absorbed 
the latter far exceeds the former. Although boiler A, under 
the given conditions, evaporates about 9 per cent more than 
boiler C, boiler C is the more economical in the combustion 
of coal by about 40 per cent. 

It is evident that the evaporation from and at 212° per 
pound of fuel, although a convenient basis of comparison for 
fuels, is not properly applicable for defining the efficiency 
of a boiler. It is thus that the distinction is to be drawn 
between the efficiency of a fuel and that of the boiler in con- 
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nection with which it is burned. A more accurate basis for 
the comparison of efficiency of different types of boilers is 
established when the evaporation is expressed in pounds of 
water evaporated per pound of combustible. But even this 
is somewhat affected by the proportion of ash and elementary 
water in the coal. 

The ideal basis of comparison is to be sought in the ratio 
found by experiment to exist between the total effective heat- 
value of the coal, as determined by means of a calorimeter 
and analysis, and that rendered evident in the steam gen- 
erated, which may be thus expressed: 

. ^ Heat-units usefully applied. 

^ "^ Heat-units supplied to furnace. 

Although ideally the correct method of comparing the 
efficiency of boilers, and likewise of fuels, when proper allow- 
ances can be made for boiler differences, it is to a certain 
extent open to criticism because of the difficulty of determin- 
ing experimentally from a small specimen the exact heating- 
value of the entire quantity of coal. Even with this basis of 
comparison, relative efficiency-tests should be conducted under 
identical conditions so far as they may be obtainable. The 
complete results can be best presented in the form of a heat 
balance, as follows: 

HEAT BALANCE. 
Dr, Cr. 



To heat 
from coal; 
from air; 
from feed-water. 



By heat 
in dry steam; 
in moisture and water mechanically suspended 

in steam; 
in dry flue-gases; 
in moisture in coal; 
in water resulting from combustion, 
in vapor in air, 
lost through incomplete combustion to CO; 
in ashes; 
lost by radiation and otherwise unaccounted for. 



) at temper- 
lion, > ature of 
) flue-gases; 
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As is the case with fuel, so is it with a boiler: the effi- 
ciency must be considered commercially. For this reason a 
limit is reached considerably short of 100 per cent, beyond 
which the loss in interest, depreciation, and other fixed charges 
exceeds the gain from decreased cost of fuel, per unit of 
evaporation, resulting from the given improvement. 

In illustration of the difference in efficiency of different 
types of boilers. Table No. 58 is presented. This covers the 

Table No. 58. 

EFFICIENCY OF DIFFERENT TYPES OF BOILERS. 



Kind of Boiler. 



Small vertical . .^. 

Large vertical 

Large vertical, improved setting 

Tubular boilers 

Tubular boilers, improved settings . . 

Water-tube boilers 

Water-tube boilers, improved setting 



Number of 
w Trials. 


Ei 


Maximum. 


46.10 


3 


52.30 


I 




14 
34 


60.17 

76.38 


13 
18 


70.11 
81.32 



Efficiency in Per Cent. 



Minimum. 



34.60 
49.00 
One trial only 
44-76 
41.94 

49-37 
49-30 



Average. 



41.60 
50.90 
67.89 

51-53 
58.87 
61.31 

67-52 



results of 86 tests conducted by Bryan * under common con- 
ditions and with ordinary fuel, principally Illinois coal. Due 
allowance is to be made for locality, special type of boiler, and 
kind of coal. 

Rating of Steam-boilers. — As originally the most impor- 
tant purpose of the steam-boiler was to generate steam for use 
in a steam-engine, it became customary to express its capacity 
by the nominal output of the engine which it supplied. That 
is, its rating was expressed in horse-power (a term with which 
the boiler has properly nothing to do); a horse-power in each 
case representing the weight of steam required per hour to 
enable the engine to perform work continuously at the rate 



* •* Boiler EflSciency, Capacity, and Smokelessness, with Low-grade 
Fuels." Wm. H. Bryan. A paper read before the Engineers* Club of St. 
Louis, Oct. 21, 1896. 
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of 33,000 foot-pounds per minute. The first standard, fixed 
by Watt, and based upon the performance of the engines of 
his day, was one cubic foot of water (weighing about 60 
pounds) evaporated per hour from 212° per horse-power. 

As the efficiency of the steam-engine has been improved, 
the amount of steam necessary for the production of a horse- 
power has been gradually decreased. The attempt was made 
to keep pace with engine improvements by correspondingly 
reducing the amount of water represented by a horse-power. 
But the present existence of engines, in great variety of design 
and manner of operation, as compared with the simple type 
in the days of Watt, renders impossible the establishment of 
any definite standard of rating which shall apply to them all. 
This cannot be more clearly evidenced than by Table No. 59, 
which embodies Thurston's* estimate of the steam-consump- 
tion of the best classes of engines in common use and in good 

Table No. 59. 

STEAM PER HORSE-POWER PER HOUR FOR STEAM-ENGINES WITH 

DIFFERENT RATIOS OF EXPANSION. 



Type of engine. 


Steam- 
pressure 
above 
Atmosphere. 


Ratio of Expansion. 


2 


3 


4 


5 


7 


xo 


Non-condensing 


30 

45 
60 

75 
90 

105 
135 


40 
35 

28 
26 

25 
24 


39 
34 

28 

27 
25 
24 
23 


40 

36 

27 
26 

24 

23 
22 


40 

36 
26 

25 

23 
22 

21 


42 
38 
30 
27 

25 
22 

20 


45 
40 

32 
29 
27 
21 
20 


Condensing 


15 
30 
45 
60 

75 
105 
135 


30 
28 

27 
26 

26 

25 

25 


28 

27 
26 

25 
24 

23 
23 


28 

27 

25 

25 

24 

23 
22 


30 
26 
24 

23 
22 

22 

21 


35 

28 

25 
22 

21 

21 

20 


40 
32 
27 
24 
20 
20 

19 



* " A Manual of Steam-boilers." R. H. Thurston. 
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order. Evidently the term ** horse-power," applied to the 
rating of steam-boilers, must, therefore, be considered as a 
standard of measurement rather than a direct measure of 
capacity. 

In 1876 the committee of judges of the Centennial Exhibi- 
tion to whom was intrusted the trials of the competing boilers 
exhibited, decided to adopt a standard rating upon conditions 
considered by them to represent fairly average practice. The 
standard unit of 30 pounds of water of 100° temperature 
evaporated into dry steam of 70 pounds gauge-pressure, thus 
adopted, has since become the almost universal standard of 
rating in the United States for the nominal evaporative 
capacity of steam-boilers, and is commonly designated as a 
commercial horse-power. The amount of heat required to 
evaporate one pound of water under these conditions is 1 1 10.2 
B. T. U., equivalent to 1.1496 units of evaporation, as pre- 
viously defined. An evaporation of 30 pounds under the 
stated conditions is, therefore, equivalent to the development 
of 33,305 B. T. U. per hour, or 34.488 pounds of water evap- 
orated from and at 212®, or in round numbers 34.5 pounds. 
Although even this rating is now open to criticism, because it 
does not represent the present standard of average steam- 
engine performance, nevertheless, being a more or less arbi- 
trary standard, it is as satisfactory as any other for the mere 
purpose of comparing boiler capacities, and has in substance 
been officially adopted by the American Society of Mechanical 
Engineers.* Any standard of this character is, however, open 
to the criticism that because of the range of capacity possessed 

* In its Code of 1898 the standard is expressed as follows: 
"The unit of commercial horse-power developed by a boiler shall be 
taken at 34^ units of evaporation per hour ; that is, 34^ pounds of water 
evaporated per hour from a feed-water temperature of 212 degrees Fahr. 
into dry steam of the same temperature. This standard is equivalent to 
33.317 British thermal units per hour. It is also practically equivalent to 
an evaporation of 30 pounds of water from a feed-water temperature of 
100 degrees Fahr. into steam of 70 pounds gauge-pressure." Transactions 
American Society of Mechanical Engineers, vol. xx. 
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by any boiler it is difficult to fix the conditions under which 
this capacity should be attained. Should they be those that 
exist when the boiler is being run easily under ordinary con- 
ditions, or should the measure of capacity be taken when the 
boiler is pushed to its utmost ? The above-mentioned Code 
of 1898 specifies that ** a boiler rated at any stated capacity 
should develop that capacity when using the best coal ordi- 
narily sold in the market where the boiler is located, when 
fired by an ordinary fireman, without forcing the fires, while 
exhibiting good economy; and, further, that the boiler should 
develop at least one third more than the stated capacity when 
using the same fuel and operated by the same fireman, the 
full draft being employed and the fires being crowded ; the 
available draft at the damper, unless otherwise understood, 
being not less than J-inch water-column. " 

Table No. 60 is presented for the purpose of simplifying 
the reduction of horse-power under any given conditions to 
that under other conditions. 

The basis is 30 pounds of water at 100° evaporated into 
steam of 70 pounds pressure. At any other temperature, as 
for instance 170°, and pressure of, say, 80 pounds, the equiva- 
lent evaporation is shown to be 31.96 pounds. 

The preceding applies more directly to the rating of boilers 
as determined by experimental test. But it is obviously 
desirable that, for the purposes of designation, the capacity 
or rating of a given design of boiler should be at least 
approximately known before it is constructed. Evidently 
such a rating must be based upon previous experiment with 
similar boilers, having the same general proportions and dis- 
position of heating-surface and operating under similar condi- 
tions. The measure of such results is made in the number of 
pounds of water evaporated per hour per square foot of heat- 
ing-surface, or its equivalent, the number of square feet of 
heating-surface per commercial horse-power. In boilers of the 
same relative proportions of grate- to heating-surface, and of 
the same general arrangement of heating-surface, the rate of 
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evaporation is fairly constant for ordinary draft conditions. 
That is, the total evaporation is practically proportional to 
the heating-surface. The area of this surface, therefore, forms 
a ready means of comparison of capacity. But the location 
and character of the heating-surface largely determines the 
rate of evaporation, thus restricting direct comparison to 
boilers of the same type under the same conditions. A fair 
average for boilers of the common horizontal return tubular 
type, with ordinary natural draft, is an evaporation of 3 
pounds of water from and at 212** per square foot of heating- 
surface. On the basis of 34.5 pounds per horse- power, under 
these conditions, this is equivalent to one horse-power for each 
1 1.5 square feet of heating-surface. It is true, however, that 
the horse-power of boilers of this type is still quite generally 
figured on a basis of 1 5 square feet. The number of square 
feet of heating-surface per horse-power, for other rates of 
evaporation, is presented in Table No. 61. 

Table No. 61. 

SQUARE FEET OF HEATING-SURFACE PER HORSE-POWER. 



Pounds of water evaporated from and at ) 
313** per square foot of heating-sur- > 
face per hour, ) 


3.0 
17.3 


3.5 
13.8 


30 
XI. 5 


3-5 
9.8 


4.0 
8.6 


S.o 
6.8 


6.0 
5.8 


7.0 
4.9 


8.0 
4.3 


9.0 
3.8 


10. 


Square feet of heating-surface required ) 
per horsepower, j 


3-5 



Under mechanical draft the rate of evaporation per unit 
of heating-surface may be greatly increased. In fact, it has 
been generally applied, particularly in the marine service, with 
a view to lessening the dimensions of the boiler for the same 
output. This may be rendered possible by the fire, owing 
to its increased temperature, being able to transmit more 
heat per unit of surface, thereby making the boiler, surface 
for surface, more efficient than it would be if a lower fire- 
temperature were used. It is evident that if the boiler-surfaces 
are more efficient, less heat will be wasted up the chimney. 

The horse-power of various types of boilers, based upon 



EFFICIENCY OF STEAM-BOILERS. 



149 



the area of heating-surface shown by experiment to be neces- 
sary for the evaporation of 34.5 pounds of water from and at 
212'' per hour, is usually accepted as the nominal rating; 
owing to slight differences even between boilers of the same 
type, there is some latitude in this basis of measurement. 
The present general range of proportions is indicated in 
Table No. 62. 

Table No. 62. 

relation of horse-power and heating-surface in different 

types of boilers. 



Type of Boilers 



• • • • • 



Lancashire . 

Cylindrical multitubular — 

Vertical, Manning 

Locomotive 

Locomotive type, stationary 

Scotch marine 

Water-tube, with cylinder or drum. 

Water-tube, with separator 



Rate of 
Combustion. 



8 to 10 

8 to 15 

xo to 20 ■ 

50 to X20 

average 75 

8 to IS 
35 to 45 

9 to IS 
15 to 67 

average 20 



Sq. Ft. of 
Heating. 

surface 

per 

Sq. Ft. of 

Grate. 



95 to 30 

35 to 43 
*48 to x6 

60 to 70 

40 to 45 

30 
35 to 45 

30 to 40 



Average 
Equiva- 
lent 
Evapora- 
tion. 


Sq. Ft. of 

Grate 

per 

Boiler 

H. P. 


8 toxo 


0.36 


9 to 10.5 
9 to XO.5 


0.30 
0.33 


6.7to 8.5 


.0.07 


9 to xo.s 
7 to 9 
9 to XO.5 


0.30 
o.xx 
o.a8 


7t09 


0.22 



Heating- 
surface 

per 
Boiler 
H.P. 



7.0 
»i-5 

XX. z 

4-5 

Z3.6 

3-3 
zx.o 

7.3 



* 48 heating-surface, x6 superheaiing-surface. 

*'This table has been compiled from a large number of 
examples, and may be taken to represent current good prac- 
tice. The last two columns, giving the grate-surface and 
heating-surface, have been compiled for 34 5 pounds of water 
evaporated per hour from and at 212° F." * 

Radiation and Convection of Furnace-heat. — The ideal 
temperature of combustion of a coal consisting of 80 per cent 
carbon has already been shown by Table No. 18 to be 4645° 
when the chemically necessary amount of air is supplied. If 
this supply be doubled, the temperature is reduced to 2557®; 
in each case the temperature being measured above that of 
the air supplied to the furnace. These ideal temperatures 
pertain to the heart of the fire and can only exist in the fur- 



* ** Steam-boilers." Peabody and Miller. 
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nace-chamber if the fire is properly inclosed with radiating 
surface. 

The ordinary boiler-plate, with the hot gases on one side 
and water on the other, presents a very different condition, 
for it becomes a greedy absorber of heat, both radiant and 
convected. The air and gases, being poor conductors of heat, 
and absorbing but a very sh'ght amount of the radiant heat, 
have only the power to increase the temperature of the surface 
with which they come in contact by the process of convection 
or carrying, which may be defined as **a transfer and diffusion 
of the state of heat in a fluid mass by means of the motion of 
the particles of that mass." * 

The heat that is radiated from the fire is but feebly recip- 
rocated from the plate-surfaces of the boiler, since the plate is 
maintained at a temperature not much higher than that of the 
water inside. Under such conditions the heat .which is 
radiated from the fuel upon the grate, together with that 
which is communicated by convection from the heated gases, 
is rapidly absorbed and carried off. It is, therefore, impossi- 
ble to maintain in the furnace a temperature even near the 
maximum temperature of combustion. The radiation from 
the fuel, taking place, as it does, in straight lines, is thereby 
restricted in its effect to the grates, the walls of the furnace- 
chamber, and the exposed portion of the boiler. The heat 
not thus lost is carried along by the products of combustion. 

The exact proportional relation between the radiant and 
convected heat is difficult of determination, but Pecl^t 
assumed them to be equal as they leave the upper surface of 
the fuel. Upon this assumption and the formula derived by 
Dulong and Petit, the relation of radiant and convected heat 
has been calculated by Clark f for different rates of combus- 
tion. The conditions imposed are: complete combustion, no 
excess of air, and a coal having a heat-value of 14,700 B. T. U. 
The results are given in Table No. 63, with the average rela- 

* ** A Manual of the Steam-engine." W. J. M. Rankine. 
t *' The Steam-engine." D. K. Clark. 
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tive proportions existing between the two means of dissipation 
of heat/ 

Table No. 63. 
temperature and heat of a coal fire in a state of 

INCANDESCEl^CE. 



Coal 

Consumed 

per 

Square 

Foot of 

Grate per 

Hour. 

Pounds. 



5 
lO 

20 

40 

80 

120 



Temperature 
of Surface 
of Boiler- 
plate. 



Deg. Fahr. 



350' 

350 

350 

350 

350 

350 



Teniperature 

of Surface 

of Fire. 



Deg. Fahr. 



1400 

1550 

1705 

1857 
2009 

2097 



Approximately Calculated Distribution of the Heat 

of Combustion. 



By Radiation. 


By Convection of 
Gases. 


B.T.U. 


Per cent 
of Sum. 


B.T.U. 


Per cent 
of Sum. 


53960 


74 


19160 


26 


102500 


70 


43510 


30 


198400 


67 


96080 


33 


378650 


64 


209850 


36 


721800 


61 


455400 


39 


1049000 


59 


714050 

1 


41 



Sum of 
Radiation 

and 
Convec- 
tion. 

B.T.U. 



73120 

146010 

294480 

588500 

II77200 

1763050 



Distribution of the Heat of Combustion. — It being the 
function of a boiler to utih'ze as much as possible of the heat 
generated by the combustion of the fuel in the furnace pro- 
vided for the purpose, it is to be expected that the gases will 
be gradually cooled as they approach the chimney. The 
greater the decrease, and, other things equal, the lower the 
final temperature, the higher the efficiency. The temperature 
of the gases at dififerent points in their passage across the 
heating-surface of the boiler obviously depends upon the 
character, extent, and temperature of that surface, and the 
initial temperature and velocity of the gases. 

The absorption of practically all of the radiant and part of 
the convected heat by the surfaces exposed to the fire imme- 
diately lowers the temperature of the gases so that as they 
pass onward to the other portions of the heating-surface their 
heating-power is much decreased. The existence of this con- 
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dition is rendered evident by the results of tests reported by 
Havrez.* These tests were conducted upon a special boiler 
of the locomotive type, the barrel or cylindrical portion of 
which was divided into four sections of equal length, and so 
arranged that the evaporation in each could be ascertained 
separately. The general proportions of this boiler, together 
with the results, are presented in Table No. 64, from which 
it is evident that the surface of the fire-box was about three 
times as efficient as that of the first section, and increasingly 
more for the other sections respectively. 

Table No. 64. 
evaporation in different sections' of experimental boiler. 



Portion of Boiler. 


Square Feet of 
Heating-surface. 


Pounds of Water Evaporated per 
Hour per Sq. Ft. of Heating-surface. 


With Colce for 
Fuel. 


With Briquettes 
for Fuel. 


F*ire-box •■..■•..•••.. 


76.43 
179 

179 

179 
179 


24.5 
8.72 

4.42 

2.52 

1.68 


36.9 
11.44 

5.72 
3-52 
2.31 


First section ■•... 


Second second 


T*hird section............... 


"Fourth section 







The variation in the rate of absorption of heat from the 
gases, which takes place in their passage through the tubes of 
a marine boiler, is clearly shown by the results of tests con- 
ducted under the supervision of Engineer-in-Chief Durston of 
the British Navy, as presented in Table No. 65. These 
results cover eight sets of records of temperatures taken by a 
Le Chatelier thermoelectric pyrometer inserted to various dis- 
stances in the tubes. The boiler was being worked at its 
normal capacity, the rate of consumption of coal being about 
17 pounds per square foot of grate. The temperature exist- 

* Proceedings of Institute of Civil Engineers. 
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ing in the combustion-chamber was 1644'', and that just inside 
the tube I55o^ 

Table No. 65. 
temperatures in tubes of marine boiler. 



Location. 


Temperature. 


T inrh from combustion "ChRinber ..•..■•■... 


1466" 
1426 

1405 
1412 

1398 
1406 

1400 

1410 

1368 

1295 
II98 

1 106 

IO15 
926 

887 
782 


2 inches from combustiofi-chciinber 


a ** ** ** ** 


• 

A ** ' ** ** ** 


*\ 

c *• ** ** * 


J 

6 ** ** *• ** 


7 '* ** •* ** 


/ 

8 ** •* ** ** 


I ft. 2 in. from combustion-chamber 


I ft. 8 in. '* ** '* 


2 ft 8 in. ** '* ** 


-i ft 8 in. ** ** *• 


4 ft. 8 in. '* " ** 

^ ft. 8 in ** ** ** 


6 ft. 8 in. " ** ** 

In smoke>box. •••• .•■.■••... 





The temperatures existing under usual conditions, in con- 
nection with an ordinary horizontal return tubular boiler, were 
very carefully ascertained by Hoadley,* and are presented in 
Table No, 66. The coal burned consisted of 82 per cent 
carbon completely consumed to carbonic acid, the steam- 
pressure was about 45 pounds above the atmosphere, and the 

Table No. 66. 

temperatures in connection with horizontal return 

tubular boiler. 



Location at which Temperature was Taken. 


Temperature. 


In heart of fire 


2426° 
1 341 
368 

78 
292 
368 


At bridcre-wall 


In smoke-box 


Air admitted to furnace 


Steam and water in boiler. 


Gases escaoincr to chimnev 





*.** Warm-blast Steam-boiler Furnace." J. C. Hoadley. 
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air-supply per pound of fuel was 21.28 pounds. The actual 
temperature shown to exist, as compared with that which the 
coal should be ideally capable of producing, with no excess of 
air, as previously indicated, is particularly to be noted. 

Disposition of Heat in Steam-boilers. — The theoretical 
heat-losses incident to the combustion of a given amount of 
coal have already been considered in the preceding chapter. 
These indicate clearly the disposition of all the heat generated, 
with the exception of that lost through the brickwork. This 
loss is evidently variable and uncertain, but under ordinary 
conditions is between 4 and 20 per cent. Hoadley* con- 
ducted a series of experiments upon the setting of a horizontal 
return tubular boiler, by inserting thermometers to different 
depths in holes in the walls at 5 feet above the floor, — oppo- 
site to the body of the boiler and midway between the bridge- 
wall and the pier. The maximum and minimum temperatures 
found between 8.30 A.M. and 4.30 P.M., at different depths, 
upon one day of the test, are presented in Table No. 67. Of 
course the temperature at the outer surface of the setting 
would be considerably less than that 4 inches inward, owing 
to the rapid radiation at the surface. 

Table No. 67. 

TEMPERATURES OF BRICK SETTING OF HORIZONTAL RETURN 

TUBULAR BOILER. 



Place of Observation. 


Minimum 
Temperature. 


Maximum 
Temperature. 


A. inches from outside of weII. 


140° 

285 

297 


182° 


fC. tl (« << <t <( 


353 
460 


^0 «( l< tc << <( 





The disposition of the heat generated in the furnace of a 
steam-boiler, as determined by several investigators for differ- 
ent types of boilers, is indicated in Table No. 68. The boiler 
experimented on by Bunte was of ordinary character; that 



* ** Warm-blast Steam-boiler Furnace." J. C. Hoadley* 
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Authority. 


Disposition of Heat. 


• 

•J 

e 
s 

n 


Scfaeurer and 
Meunier. 


Donkin and 
Kennedy. 


• 

1 




A 


B 


C 


D 


E 





Waste in flue-gases includingr evaporation 
of moisture in coal and heatinj? vapor in air 
when these losses are not separately given. 

Evaporating-moisture in coal . 

Heating vapor in air 


18.6 
3.5 


5-5 

2-5 


14. 8 
6.1 


9-4 

O.T 


22.5 
0.1 


6.5 
0.0 


5.04 
1-55 


Imoerfect combustion 


8 
4-1 

7.6 
58.2 


6.0 




12.7 
O.I 

I3.9 
63.8 


0.0 
0.2 

IX. 

66.3 


...... 

0.0 
0.0 

IS 
78. 5 




Clinker and ash 


'•44 


Radiation and heat not otherwise accounted 

for 

Heatinfif and evaooration of water , , , . 


23-5 
61.0 


13.4 
65.7 


4.00 
87.79 





designated A and reported upon by Scheurer and Meunier 
was of the French type, having three heaters with six feed- 
heater tubes at one side ; while the results given under B are 
the average of experiments upon four different types of boilers. 
Boiler C, experimented upon by Donkin and Kennedy, was of 
vertical tubular construction with internal fire-box; boiler D 
was of the locomotive pattern ; while E was of the ** elephant " 
type, provided with Green's economizer. The boiler tested 
by Hoadley was of the ordinary multitubular form, provided 
with a special air-heating arrangement which lowered the tem- 
perature of the flue-gases about 213°, and raised that of the 
air supplied to the furnace about 300°. These abstractors 
account for the high efficiency secured, which might have been 
closely approached by boiler E had it not been for the exces- 
sive loss through the brickwork. 

All figures are given in percentages of the total amount of 
heat accounted for. The percentage of heat which is indi- 
cated to have been disposed of in heating and evaporating the 
water is a direct measure of the efficiency of the boiler. 

Sources of Efficiency. — With a given fuel, and otherwise 
identical conditions, the efficiency of a boiler is most largely 
dependent upon the relation of its grate-area to its heating- 
surface, and upon the rate of combustion of the fuel. Under 
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the same conditions of boiler and fuel, the greater the quan- 
tity consumed per hour the greater is the amount of water 
evaporated per hour. But at the same time the tendency is 
that the quantity of water evaporated per pound of fuel will 
decrease because of the probable higher temperature of the 
escaping gases. This loss, if it occurs, can only be diminished 
by increasing the heating-surface either in the boiler or in a 
separate heater, while the decreased draft, due to lowered 
temperature, is easily made good by mechanical means. It 
is to be carefully noted that all this relates to a condition of 
increased boiler-capacity, resulting from a greater coal-con- 
sumption. But when the capacity and coal-consumption are 
maintained practically constant, a higher efficiency per pound 
of fuel may actually be obtained by a moderate reduction of 
grate-area, whereby the surface-ratio is increased, with a corre- 
sponding increase in the rate of combustion per square foot 
of grate. This matter of the relation between the surface- 
ratio and the rate of combustion and its economical influence^ 
as indicated in the evaporation per unit of fuel, will be dis- 
cussed at considerable length in the succeeding chapter. 

The quality of the fuel must to a certain extent enter 
into the problem of boiler-design to secure the highest effi- 
ciency. The desirable features to give the best results with 
low-grade fuels are concisely stated by Bryan * to be : 

** A. Ample draft; i inch of water or even more. Good 
results cannot be secured with drafts less than one half inch. 
Good draft and thick beds of fuel permit high fire-box tem- 
peratures, which we have found absolutely necessary. 

** B. Large ratio of heating- to grate-surface, so that while 
burning coal at a high rate per square foot of ^rate per hour, 
there is sufficient heating-surface to reduce the temperature 
of the flue-gases to 450° F. or less. 

'* C. The combustion-chamber should, if possible, be 

**' Boiler Efficiency, Capacity, and Smokelessness, with Low-grade 
Fuels." Wm. H. Bryan. A paper read before the Engineers' Club of 
St. Louis, Oct. 21, 1896. 
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separate from the heating-surfaces, so as to avoid their cooling 
effect. It should be quite deep — 30 inches or more.** 

As indicating the importance of the draft, and the desir- 
ability of mechanical means for creating the same, Bryan, 
states that: ** To secure the very highest results, the gases, 
after leaving the boiler-heating surfaces at not exceeding 500°, 
should be passed through feed-water economizers and thence 
through air-heaters. The feed-water, leaving the ordinary 
exhaust-heater at a little above 200° F., may be raised to over 
300° in the economizer, and the heated gases reduced to 250** 
or less. This reduction in temperature, of course, destroys 
the usefulness of these gases as draft-producers, unless the 
chimney is very tall. The draft, however, can be better pro- 
duced by exhaust-fans, which draw the air through and out of 
the furnace and economizer, and discharge the gases at such 
a height above the roof that they will not be objectionable; 
thus doing away entirely with the necessity for high chimneys. 
Still better economy may be secured by placing air-heaters in 
the smoke-flue, beyond the fan or between it and the econo- 
mizer. Through this the air, entering the ash-pit for purposes 
of combustion, may be drawn, so that the heated gases are 
finally discharged at a temperature but little above that of the 
atmosphere. The speed of the fan may be controlled by an 
automatic regulator, which increases the speed of the fan- 
engine as the steam-pressure drops, and reduces it as the 
pressure increases; thus performing all the functions of an 
automatic damper-regulator. This plan is not experimental 
or untried, but has already been adopted in numerous large 
plants.** 

The influence of the relation between area of grate and 
of heating- surf ace was very carefully investigated by Clark* 
in the case of a locomotive-boiler using coke. From these 
tests he deduced — 

^^ First. That, assuming throughout a constant efficiency 

* "The Steam-engine.*' D. K. Clark. 
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of the fuel or proportion of water evaporated to the fuel, the 
evaporative performance of a locomotive-boiler, or the quan- 
tity of water which it is capable of evaporating per hour, 
.decreases directly as the grate-area is increased; that is to say, 
the larger the grate the smaller is the evaporation of water 
when the efficiency of the fuel is the same, even with the same 
heating-surface. 

^''Second. That the evaporative performance increases 
directly as the square of the heating-surface, with the same 
area of grate and efficiency of fuel. 

^^ Third, The necessary heating-surface increases directly 
as the square root of the performance; that is to say, for 
example, for four times the performance, with the same effi- 
ciency, twice the heating- surface only is required. 

^'Fourth. The necessary heating-surface increases directly 
as the square root of the grate, with the same efficiency; that 
is to say, for instance, if the grate be enlarged to four times 
its first area, twice the heating-surface would be required, and 
would be sufficient to evaporate the same quantity of water 
per hour with the same efficiency of fuel.** 

The relation between the area of grate and of heating-sur- 
face, which has already been expressed as the ** surface- ratio," 
may be thus represented : 

_ . , Area of heating-surface 

Surface ratio = —7 7 : z — - . 

Area of grate-surface 

This ratio naturally varies according to the type of boiler, 
the general practice being about as indicated in Table No. 69. 
Somewhat different figures are given by Peabody and Miller, 
see Table No. 62, 

As it has already been shown that when the total coal- 
consumption is increased the heating-surface must also be 
increased to maintain the same efficiency, so the converse 
must be evident: that with a given rate of combustion it is 
not economical to increase the area of heating-surface beyond 
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certain limits. These limits must of necessity be determined 
by experiment. 

Table No. 69. 
surface-ratios of steam-boilers. 



Type of Boiler. 



Marine return tubular 

Lancashire 

Cornish 

Modified locomotive type 

Horizontal return tubular 

Water-tube 

Horizontal internally fired multitubular. 

Locomotive 

Plain cylinder 



Area of Heating-surface 
when Grate Area = z. 



25 


to 


38 


26 to 


33 


25 


to 


40 


30 


to 


34 


30 


to 


50 


35 


to 


65 


25 


to 


45 


60 


to 


90 


ID to 


15 



Clark* summarized his deductions from a large number of 
tests of boilers of different types in the following formulae: 

Stationary boilers «; = o.0222r' + 9.56^. 

Marine boilers ze/ = 0.016^^ -f~ 10.25^. 

Portable-engine boilers w =■ o.ooSr' + 8.6^. 

Locomotive-boilers (coal-burning). . . ze/ = o.oogr* + 9* 7^* 

Locomotive-boilers (coke-burning). . w = o.oijSr' + 7-94^« 

In which w=. weight of water in pounds per square foot of 

grate per hour; 
c = pounds of fuel per square foot of grate per hour; 
T = ratio of heating- to grate-surface. 

The water is taken as evaporated from and at 212®. 

The ratio of grate-surface to heating-surface being one of 
the factors, it is evident that by means of these formulae the 
evaporation per square foot of heating-surface may also be 
obtained. There are minimum rates of consumption of fuel 
below which these formulae are not applicable. The limit 
varies for each kind of boiler and with the surface-ratio. It 



* " The Steam-engine." D. K. Clark. 



i6o 



STEAM-BOILER PRACTICE. 



is imposed by the fact that the maximum evaporative power 
of fuel is a fixed quantity, and is naturally at that point where 
the reduction of the rate of combustion for a given ratio pro- 
cures the absorption into the boiler of the whole of the pro- 
portion of the heat which is available for evaporation. In the 
combustion of good coal the limit of evaporative efficiency 
may be taken as measured by 12.5 pounds of water from and 
at 212°. Table No. 70, based upon these formulae, presents 

Table No. 70. 

evaporative performance of steam-boilers for increasing 
rates of combustion and different surface ratios and 
best coal and coke. 



Kind of Boiler. 


Water from and at ai2<* 
per Hour. 


Fuel per Square Foot of Grate per Hour 
in Pounds. 




5 


xo 


15 


20 


30 


40 


50 


Coal, 
tio = 30. 


Stationary.... 
Stationary.... 

Marine 

Marine 

Portable 

Poruble 

Locomotive. . 
.Locomotive.. 


Per square foot of grate. . .. 
Per pound of coal 

Per square foot of gfrate... . 
Per Dound of coal 


62.5* 
12.5 

62.5* 
12.5 

50.0 
xo.o 

57.0 
11.4 


XI6 

XI. 56 

117 

11.69 

93 
9-3 

105 
10.5 


X63 
10.89 

168 
11.25 

X36 
9.01 

xo.ao 


211 
X0.56 

2x9 
10.95 

179 
8.95 

aoa 
10.10 


307 
X0.23 

332 
XO.69 

265 
8.83 

299 

9-97 


402 
10.06 

424 
xo.6x 

351 
8.77 

396 
9.90 


9.96 

527 
10.54 

437 
8.74 

•J^l6 


For Best 
Surface Ra 


Per square foot of grate. . . . 
Per pound of coal •. 

Per square foot of grate.. .. 
Per pound of coal . . 


II 



•s 

5 


Stationary.... 
Stationary.. . . 

Marine 

Marine 

Portable.. . 
Portable 

Locomotive.. 
Locomotive . . 


Per square foot of grate. ... 
Per pound of coal 

Per square foot of grate. . . . 
Per pound of coal 

Per square foot of grate. ... 
Per pound of coal 

Per square foot of grate. . . . 
Per Dound of coal 


62.5* 
".5 

62.5* 
12.5 

62.5* 
12.5 

62.5* 
12.5 


125* 
12.5 

125* 
"•5 

106 
X0.6 

120 
11.95 


187.5* 
12.5 

187.5* 
12.5 

149 
9-93 

168 
XX. 20 


247 
12.33 

245 
12.25 

192 
9.6 

217 
X0.85 


342 
II. 41 

348 
XI. 58 

278 
9.27 

3>4 
10.45 


438 
X0.95 

450 
XI. 25 

364 
9.10 

411 

xo. 26 


10.67 

552 
IX. 05 

450 
9.00 

508 
10.15 









* These quantities fall below the scope of the formulae for the water, as explained in the 

text. 

the effect of increasing rates of combustion with different sur- 
face-ratios. While for a given boiler and surface-ratio this 
table indicates that the evaporative efficiency decreases as the 
rate of combustion is increased, it is to be noted that the 
capacity of the boiler is increased also, and that by a proper 
application of more heating-surface the efficiency may be main- 
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tained. In other words, a boiler and its appurtenances should 
be designed for a given rate of combustion. A reasonably 
high rate of combustibn is not an absolute indication of 
low efficiency; but, as will be shown later, may be, with a 
proper surface-ratio, one of the important factors in attaining 
economy in boiler-practice. 

B)'^ the same process of reasoning employed in the previous 
chapter, in the discussion of the influence of the air-supply, 
it IS evident that the higher temperature of the escaping gases 
resulting from an increased total coal-consumption is due to 
the increased supply of air and the higher velocity which, 
therefore, ensues. Although this higher temperature is but 
the result of more rapid combustion, it is at the same time an 
absolute necessity when a chimney alone is depended upon to 
create the draft. This is because the draft required for the 
increased combustion and air-supply can only be secured, in 
the case of a chimney, by raising the temperature of the 
chimney-gases. Under these conditions any attempt to 
reduce this final temperature by the addition of heating-sur- 
face must of necessity tend to reduce the rate of combustion. 
Furthermore, the influence upon the draft of such additional 
surface will be twofold : it will be reduced both because of the 
lower temperature in the chimney, and because of the in- 
creased resistance due to the extended surface. The rate of 
combustion can only be maintained by supplementing the 
draft, which may be readily done by introducing a fan either 
for forcing in the air or withdrawing the gases. 

But, with sufficient draft, higher efficiency may evidently 
be secured by increasing the heating-surface, with the limita- 
tion that the surface shall not be so great as to cool the gases 
too near to the temperature of the steam ; for it is probable 
that there can be no active transmission of heat from the gases 
without to the water within a boiler, with less than 75° differ- 
ence of temperature. Nevertheless, one of the vital principles 
underlying the attainment of economy in the generation of 
steam is a low temperature of the escaping gases. 
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The loss of efficiency due to the temperature of the escap- 
ing gases has already been presented in Table No. 48. The 
line shown in Fig. 10, based on the figures given in that table, 
serves to make clear the rate and proportion of this loss. 

The opportunity for securing more economic results by 
reducing the temperature of the flue-gases is well evidenced 
in the results of seventeen independent boiler-tests by 
Donkin and Kennedy. They found the heat lost up the 
stack, where no economizer was used, to range between 9.4 
per cent and 31.8 per cent of the total heat of combustion, 
the average being 20.3 per cent. It is, therefore, evident 
that in this direction lies one of the greatest opportunities for 
increasing boiler-efficiency. Although additional surface may 
be obtained by reducing the size of the tubes and increasing 
their number, or by ribbing them, or introducing retarders, 
it is usually customary to abstract the surplus heat from the 
gases by some means in a sense independent of the boiler. 
It may then take the form of a feed-water heater, otherwise 
known as an economizer, or the form of a device for abstract- 
ing the heat from the gases and transferring it to the air sup- 
plied to the fuel, or both. The results obtained by either of 
these methods have, in the case of chimney-draft, usually been 
restricted by the cost of the excessively high chimney neces- 
sary to produce the requisite draft with the decreased tem- 
perature and increased resistance. Mechanical draft, however, 
obviates this difficulty, and makes possible the attainment of 
much lower final temperatures of the flue-gases with a corre- 
sponding increase of efficiency. 

Flue Feed-water Heaters or Economizers. — The modern 
type of fuel-economizer consists of a series of tubes, made up 
in sections, connected at the ends and placed in a brick 
chamber, through which the gases pass from the boiler to the 
chimney or fan. Feed- water is forced through the tubes, 
while the gases circulate around them. The difference 
between the economizers of different makes lies principally in 
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the proportions, the design \)f end connections, and the posi- 
tion of the tubes. As is evident from the succeeding Table 
No. 74 and the explanation accompanying the same, no 
economizer is complete without some device for continuously 
or periodically removing the soot from the exterior of the 
tubes. 

This type of economizer undoubtedly stands to-day as the 
most generally adopted means of abstracting the heat from 
the products of combustion. Its character, its cost, and to a 
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Fig. 10. LOSS OF EFFICIENCY DUE TO TEMPERATURE OF ESCAPING QASES, 

certain extent its complication are serious detriments to its 
employment in connection with small boiler-plants. 

Its earning power decreases with the cost of the fuel 
burned under the boilers in connection with which it operates. 
Assuming that approximately the same proportion of the 
total heat of the coal is utilized by the economizer with a 
cheap as with a high-priced coal, it is evident that its value 
then depends upon the number of heat-units represented by 
the amount of coal purchased for a given amount. The 



164 STEAM-BOILER PRACTICE, 

greater the value of a heat-unit the greater the cash saving by 
the economizer. 

The economy resulting from the introduction of an 
economizer when the draft is sufficient naturally depends upon 
the normal temperature of the flue-gases escaping from the 
boilers, and of the feed-water supplied to the economizer. 
The percentage of gain may be determined by the following 
formula : 

100 (T—/) 
Gain, in per cent, = — 77 — -^. 

In which T = heat-units in one pound of feed-water above 

0° after heating; 
/ = heat-units in one pound of feed-water above o** 
before heating; 
H = heat-units in one pound of steam of boiler- 
pressure above o®. 

Table No. 71, calculated by this formula, indicates the 
saving under different conditions of feed-water, with steam of 
70 pounds boiler-pressure. Of course the greatest economy 
will appear where the temperature of the flue-gases was orig- 
inally the highest and that of the feed-water the lowest. Even 
with a low temperature of the flue-gases, an economizer will 
usually show results that warrant its introduction. 

In Table No. 72 are presented the results of a number of 
tests by Barrus * of boiler-plants, of which an economizer in 
each case formed a part. In the first four cases, designated 
A, B, C, and D, the temperature of the gases as they leave 
the boiler is comparatively low, — averaging, 394°, — but the 
initial temperature of the feed-water is raised 92° on the 
average, and the evaporation increased 9.9 per cent per pound 
of coal. He shows that if this result is applied to a 1000 
H.P. plant, burning Cumberland coal, the total annual saving 
in cost of coal would be about $2000. 

* ** Boiler-tests." George H. Barrus. 
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Table No. 71. 



PERCENTAGE OF SAVING IN FUEL BY HEATING FEED-WATER, 
STEAM AT 70 POUNDS GAUGE PRESSURE. 



Initial 
. Temperature 

f\4 


Temperature to which Feed-water is Heated. 


















Feed-water. 


100**. 


no®. 


120". 


130'. 


140*. 


I5o^ 


i6o». 


170*. 


35° 
40 

45 


5.53 
5.12 

4-71 


6.38 
5.97 

5.57 


7.24 
6.84 

6.44 


8.09 
7.69 
7.30 


8-95 
8.56 
8.16 


9.89 
q.42 

9-03 


10.66 

10.28 

9.90 


11.52 
II. 14 
10.76 


50 

55 
60 


4.30 
3-89 
3-47 


5.16 

4.75 
4.34 


6.03 

5.63 
5.21 


6.89 

6.49 
6.08 


7-76 

7-37 
6.96 


8.64 
8.24 

7.84 


9-51 
9. II 

8.72 


10.38 
9.99 
9.60 


65 
70 

75 


3-05 
2.62 
2.19 


3.92 

3- 50 
3-07 


4.80 
4.38 
3-96 


5-67 
5-26 

4.84 


6.56 
6.15 
5-73 


7-44 
7.03 
6.62 


8.32 
7.92 
7-51 


9.20 
8.80 
8.40 


80 

85 
90 


1.76 
1.30 
0.89 


2.65 
2.22 
1.78 


3-54 
3. II 
2.68 


4.42 
4.00 

3.58 


5.32 
4.90 

4.48 


6.21 
5.80 
5.38 


7. II 
6.70 
6.28 


8.00 

7-59 
7.18 


95 
100 


0.45 
0.00 


1-34 
0.90 


2.25 

1. 81 


3.15 
2.71 


4- 05 
3-62 


4.96 
4-53 


5.86 
5.44 


6.77 
6.35 





180®. 


190®. 


200®. 


210®. 


220». 


250®. 


300®. 


35'' 
40 

45 


12.38 
12.00 
11.62 


13.24 

12.87 
12.49 


14.09 

13-73 
13.36 


14.95 

14.59 
14.22 


15.81 

15.45 
15.09 


19.40' 
18.89 

18.37 


29.34 
28.78 
28.22 


50 
60 


11.24 
10 85 
10.47 


12. II 

11-73 
11.34 


12.98 
12.60 
12.22 


13.85 
13.48 
13.10 


14.72 

14.35 
13.98 


17.87 
17.38 
16.86 


27.67 
27.12 
26.56 


65 
70 

75 


10.08 
9.68 
9.28 


10.96 

10.57 
10.17 


11.84 

11.45 
11.06 


12.72 
12.34 

11.95 


13.60 
13.22 
12.84 


16.35 
15.84 
15.33 


26.02 

25.47 
24.92 


80 

85 
90 


8.88 
8.48 
8.07 


9.78 
9-38 
8.98 


10.67 

10.28 

9.88 


11.57 
II. 18 
10.78 


12.46 
12.07 

11.68 


14.82 
14.32 
13.81 


24-37 
25.82 

23.27 


95 
100 


7.66 
7.25 


8.57 
8.16 


9.47 
9.07 


10.38 
9.98 


11.29 
10.88 


13.31 
12.80 


22.73 
22.18 
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Table No. 73. 



TESTS WITH ECONOMIZERS. 





Designation of Boiler. 




A 


B 


C 


D 

3126 
1600 

435 

279 

84 
196 

12.8 


E 


Area of heatiDflr surface, boiler . . •• • souare feet 


1894 
1600 

376 
231 

95 

"75 

10.5 


4058 
1920 
,61 
254 
79 
145 
7.0 


5592 
1280 

403 

299 

III 
169 
9-3 


z88o 

1600 

618 

365 
88 

225 

29.0 


Area of heatinsr surface, economizer souare feet 


Temperature of gases leaving boiler degrees 

Temperature of gases leaving economizer degrees 

Temperature of feed-water entering economizer degrees 

Temperature of feed-water entering boiler degrees 

Increased evaporation produced by economizer per cent 



An economizer equipment sufficient to secure the above 
result would probably cost from $7000 to $8000. The saving 
would represent an annual return of 24 to 28 per cent, cer- 
tainly sufficient to warrant careful consideration. 

Upon the same basis of calculation, the case designated E 
would show an annual return of about 75 per cent of the in- 
vestment. Although this result is only approximate, it is 
sufficiently near the truth to indicate the indisputable economic 
advantage of the economizer. The heat-expenditure for 
producing the draft requisite to such results will be found to 
be less in the case of a fan than of a chimney, while the 
former will in addition possess advantages which make it 
much the more desirable of the two. 

At the steam-plant of Cheney Brothers at South Man- 
chester, Conn.,* which consists of 1000 horse-pOwer of 
Babcock & Wilcox boilers provided with an economizer and 
mechanical-draft apparatus, 45 cubic feet of water is heated 
per minute and used in the boilers, while an additional 50 
cubic feet is heated and utilized in the dye-house. The whole 
quantity is raised from an initial temperature of 112** to 211**. 
The heating of the feed-water alone is sufficient to cause a 
saving in the evaporative work of the boiler amounting to 10 
per cent. So that the total saving, including the heat utilized 
in heating water for the dyehouse, is over 20 per cent. In a 



* The Engineering Record^ Jan. 6, 1894. 
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plant of 1000 horse-power running 10 hours per day, and using 
coal at $4.00 per ton, this represents an annual saving of 
about $3000 per year, an excellent return on the additional 
investment required to install the economizer plant. 

As still further evidence of the saving in fuel which may 
be accomplished under working conditions by introducing 
economizers, the results of tests of nine plants by Roney * are 
presented in Table No. 73. They were all equipped with 
mechanical draft. 

Table No. 73. 

RESULTS OF TESTS OF MECHANICAL- DRAFT PLANTS AND 

ECONOMIZERS. 



• 




1 


Icmperatures 


• 






Plants 














Tested. 


Gases 

Enteriag 

Economizer. 


Gases 

Leaving 

Economizer. 


Water 

Entering 

Economizer. 


Water 

Leaving 

Economizer. 


Gain in 

Temperature 

of Water. 


Fuel Saving. 
Per cent. 


• 

I 


6l0' 


340** 


no- 


287° 


177° 


16.7 


2 


505 


212 


84 


276 


192 


17. 1 


3 


550 


205 


185 


305 


120 


II. 7 


4 


522 


320 


155 


300 


145 


13-8 


5 


505 


320 


190 


300 


IIO 


10.7 


6 


465 


250 


180 


295 


115 


II. 2 


7 


490 


290 


165 


280 


115 


II. 


8 


495 


190 


155 


320 


165 


15.5 


9 


595 


299 


130 


3" 


181 


16.8 



The influence of soot, and the necessity of frequent if not 
continuous cleaning of the surfaces of an economizer, was 
clearly shown by Grossetestef in a three weeks' test with 
smoky coal upon a Green economizer, consisting of a series 
of vertical pipes arranged to be cleaned externally by auto- 
matic scrapers. The apparatus had been at work for seven 
weeks continuously without having been cleaned, and had 
accumulated a half-inch coating of soot and ash. It was 



* " Mechanical Draft," W. R. Roney. Transactions American Society 
of Mechanical Engineers, vol. xv. 

f Bulletin de la Soci6t6 Industrielle de Mulhouse. vol. xxxix. 
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observed in this condition throughout the first week. During 
the second week it was cleaned twice every day, but during 
the third week, after having been cleaned on Monday morn- 
ing, it was worked continuously without further cleaning. 
The results presented in Table No. 74 show the necessity of 
cleaning. 

s 

Table No. 74. 

INFLUENCE OF THE STATE OF THE SURFACE OF AN ECONOMIZER^ 



Time. 
(February and March.) 



First week* 

Second week 

Third week: Monday.. 

Tuesday.. 

Wednesd. 

Thursday 

Friday... 

Saturday. 



Temperature of 


Temperature of 


•0 





Feed-water. 


Gaseous Products. 




>2 3 


• • ■ 








u 
N 


• 




u 
N 


• 


S 




.S 

^ s 

V 


ving 
onom 


u 

c 

V 

w 


•Sg 

\. c 
V 


> 


u 

d 

u 


Coal 
per 


Wate 
rate 
per 


tJ ^ 


£? 4 


Itj 


ti w 


C« U 


Itj 






Cm 


J3« 


Q 




«« 


Q 


lbs. 


lbs. 


73. s** 


i6i.5« 


88. o" 


849" 


36lO 


5880 


314 


X434 


77.0 


230.0 


153-0 


882 


397 


58s 


3X6 


i5«5 


73.4 


196.0 


133.6 


831 


a84 


547 


^ 




73.4 


181.4 


108.0 


871 


309 


563 






79 


178 


99«o 


















'2X3 


1428 


80.6 


170.6 


90.0 


95a 


329 


633 






80.6 


169.0 


88.4 


889 


338 


551 






79.0 


172.4 


93-4 


901 


351 


550 


• 





o 

.0 



w O 

lbs. 



6.65 
7.06 



6,70 



* The averages for the first and second weeks are exclusive of Monday. 

Air-heaters or Abstractors. — The air-heater, heat-ab- 
stractor, warm-blast apparatus, or hot-draft apparatus, as it 
is variously called, generally consists of some arrangement of 
pipes, through or across which the hot gases pass directly from 
the uptake, heating thereby the air-supply for the furnace, 
which passes respectively across or through the pipes; the 
object being to abstract from the gases as much heat as is 
practicable and transfer it to the air before it enters the furnace, 
thereby securing a higher temperature and increased evapora- 
tive efficiency. 

Such an apparatus, is virtually the equivalent in results of 
an economizer, and is the only practical means of reducing the 
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waste of heat in the flue-gases whe» large quantities of warm 
water are not in demand, as must be the case if an economizer 
is to show efficient results. The ideal arrangement, however, 
consists of a combination of economizer and abstractor, 
whereby the air-supply to the furnace may be heated as well 
as the feed-water for the boiler, and all the heat practicable 
thus abstracted from the flue-gases. For such results chimney- 
draft is ordinarily inadequate and mechanical means must be 
resorted to to overcome the increased resistance. 

Doubtless the most comprehensive test ever conducted 
upon an apparatus of this character was that undertaken by 
Hoadley,* in the interest of a number of mill-owners, and in- 
tended to determine the efficiency of the Marland apparatus 
for heating the air-supply. The original apparatus was 
applied to a single horizontal return tubular boiler, 60 inches 
in diameter, with 65 tubes 3^ inches in outside diameter, and 
20 feet long. This boiler was of the regular type in use in 
the Pacific Mills, Lawrence, Mass., where the tests were 
made, except that upon its top were placed two abstractors, 
one upon either side, 3 feet apart, extending the entire length 
of the boiler. Each abstractor contained 120 lap-welded 
tubes, 2 inches in outside diameter and 20 feet long, inclosed 
in a brick setting. Surrounding each pipe was a 3-inch tube 
of thin iron. By proper arrangement of the heads into which 
the 2 -inch pipes were expanded, in connection with the 
uptake, a passage was provided for the flue-gases through 
these pipes and thence to the blower which produced the 
requisite draft. The 3-inch tubes were shorter than the 
2-inch, and were arranged at their ends so that air for the 
furnace could pass to them and thence through the annular 
space between the two tubes, becoming heated by the gases 
in the inner tube. This apparatus was known as Warm-blast 
No. I. Alongside this boiler, and operating under the same 
conditions, was a boiler of the regular type, designated in the 
report as Pacific Boiler. 

* ** Warm-blast Steam-boiler Furnace." J. C. Hoadley. 
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Extended experiment having shown Warm-blast No. i to 
be incapable of reducing the temperature of the escaping 
gases below i6o°, the Pacific Boiler was, accordingly, con- 
verted into Warm-blast No. 2 by placing upon its top two 
abstractors differing from the previous ones, and constructed 
substantially as follows: 2-inch spiral-locked tubes were pro- 
vided for the passage of the hot gases, whrle the 3-inch tubes 
were replaced by a series of deflectors set at right angles to 
the tubes, which passed through thera. These deflectors were 
so arranged that air entering at the top must descend across 
and among the 2-inch tubes, which had i-inch spaces between 
them, pass under the first deflector, then rise in the same 
manner and pass over the second deflector, and so on, until 
the air passed to the ash-pit. 

The comparative temperatures found to exist in connection 
with the Pacific and Warm-blast No. i boilers, properly 
reduced for comparison, are presented in Table No. 75. 

• 

Table No. 75. 

COMPARATIVE TEMPERATURES IN PACIFIC BOILER AND WARM-BLAST 

BOILER NO. I. 



Lo«atioo at which Temperature was Taken. 



In heart of fire 

At bridge- wall 

At pier 

In smoke-box 

Air admitted to furnace 

Steam and water in boiler 

Gases escaping to chimney 

External air 

Gases cooled, warm-blast boiler. 
Air warmed, warm-blast boiler.. 



Temperatures. 



Pacific Boiler. 



2493 
1340 

895 

373 

32 

300 

373 
32 



Warm- blast 
Bai- -r. 



2793 
1600 

1050 

375 
332 
300 
162 
32 



Difference. 



300 
260 

155 
2 

300 
O 

211 
O 

213 

300 



These figures alone seem to point to the efficiency of the 
warm-blast apparatus; but Table No. ^6, comprising the im- 
portant economic results, serves to indicate more definitely the 
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relative efficiency of the various arrangements, and to prove 
the marked advantage of the warm-blast arrangement. Care- 
ful tests showed that the power consumed in driving the 
blower was about i per cent of the whole power produced by 
the boiler in combination with a good steam-engine. This 
should be compared with the much larger expenditure required 
to produce the draft by m«ans of a chimney. 

Table No. 76. 

RESULTS OF TESTS WITH PACIFIC BOILERS AND WARM-BLAST 

BOILBRS. 



Items. 



Mean temperanire of external air, days degrrees 

Temperature of smoke-box deg^rees 

Temperature of escaping leases degrees 

Gases cooled by abstractors degrees 

Air warmed by abstractors degrees 

Temperature of air supplied to furnace degrees 

Temperature of steam degrees 

Loss at cliimney per cent 

Loss by radiation from briclcwork per cent 

Loss by imperfect combustion per cent 

Total loss by above three causes per cent 

Pounds of flue-gases per pound of coal 

Efficiency, reduced to common basis pei cent 

Difference of efficiency, points gained by warm- 
blast over Pacific boiler 



With Anthracite Coal. 



Pacific 
Boiler. 



Ratio of gain to the larger quantity ( -^— = n .gjC ) 
Ratio of gain te the smaller quantity (7^ = 13 -53^^ 



78.3 
368.3 
368.3 

o 

o 

78.3 
997.5 

'7.75 
2.64 

2.13 
22.52 
22.39 
68.87 



Warm- 
blast 
No. I. 



34 
396-9 
189 
207.9 

303-7 
337-7 
361,1 
1500 
4.00 
0.63 
19.63 

23-49 
78.18 

9.3« 
II. 9 

"3-5 



Warm- 
blast 
No. 2. 



49 
377 
164 
213 
285 

334 
291.2 
12.83 
4.00 

'•43 
18.26 

24.17 

81.43 

12.56 
15-4 

18.2 



With Bitumi- 
nous Coal. 



Pacific 
Boiler. 



71 

376.9 

376.9 
o 

o 
71 

297-3 
17.03 

339 
2.85 

23.27 

25.23 

64.61 



Warm- 
blast 
No, I. 



34.2 
397-4 
196 
201.4 

315-5 
349-5 
322.6 

14.24 
4.00 
1.06 
19.30 
28.37 
77-59 

19.98 
16.7 

20. z 



The results obtained with the Ellis and Eaves system of 
preheating the air in connection with boilers at the American 
Line Pier, New York, N. Y.,* are presented in Table No. jj. 
These are particularly interesting as showing the temperature 
and the intensity of draft at different points. The boilers were 
of the double-ended Scotch type, one fitted with plain tubes 
and the other with Serve patent ribbed-steel tubes; all tubes 
were provided with retarders. The waste gases were carried 



* The Engineering Recordy Jan. 5, 1895. 
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from the breeching back over the boilers through two air- 
heating chambers, and finally passed from these through the 
necessary connections to an 8-foot fan discharging into a 
70-foot stack. The air-heating chambers contained a number 
of 3-inch tubes, each about 12 feet long, through which the 
air that supplied the furnaces was drawn. The air was highly 
heated in its passage by the waste gases from the boiler, and 
delivered at a high temperature both above and below the 
fires. The coal used was No. i buckwheat Susquehanna. 

Table No. 77. 

RESULTS OF TESTS OF ELLIS & EAVES INDUCED-DRAFT SYSTEM AT 
AMERICAN LINE PIER 14, N. R., NEW YORK, N. Y. 



Items. 



Date 1894 

Duration of test hours 

Average steam-gauge pressure pounds 

Average temperature of feed- water deg. F. 

Average revolutions of fan per minute 

Total water evaporated lbs. 

Total coal burned ^ lbs. 

Total combustible consumed lbs. 

Coal burned per square foot of grate per hour. lbs. 
Water evaporated per pound of coal from and at 

212** lbs. 

Water evaporated per pound of combustible from 

and at 212° lbs. 

Average temperature at fan outlet deg. F. 

Average temperature at fan inlet deg. F. 

Average temperature air down-take deg. F. 

Average vacuum as fan inlet inches of water 

Average vacuum over tires inches of water 

Average vacuum under fires inches of water 

Average vacuum at air down-take. .inches of water 



Number and Conditions of Test. 



No. I. 


No. 2. 


No. 3. 


No. I Boiler, 


No. 1 Boiler, 


No. 2 Boiler, 


Plain Tubes 


Plain Tubes 


Serve Tubes 


with 


with 


with 


Retarders. 


Retarders. 


Retarders. 


Sept. 28 


Oct. 5 


Sept. 29 


6 


6 


6 


96 


95 


96 


'57 


166 


165 


507 


472 


468 


72661 


59708 


71697 


ZIOOO 


8920 


8715 


9746 


7780 


7717 


52.08 


42.23 


41.26 


7.228 


7.274 


8.939 


8.165 


8.33a 


ID. 097 


625 


527 


456 


650 


547 


472 


400 


347 


^15 


7-33 


6.61 


6-45 


3.88 


3-46 


3-56 


1.72 


X.38 


X.48 


0.62 


0.58 


0.50 



Increased Tube-heating Efficiency. — With fire-tubes of 
a given length the amount of heat transmitted to the water 
within the boiler must be dependent upon the temperature 
and velocity of the gases, the amount of surface exposed, and 
the completeness with which they are forced into contact with 
it. In other words, with the same velocity and temperature, 
a given length of tube will be efficient in proportion as it 
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presents absorbing surface for receiving the heat of the gases, 
and as those gases are compelled to come in contact with it. 
Two methods are in use for accomplishing this result. The 
first consists in fitting within a regular boiler-tube a strip of 
thin sheet-iron, equal in width to the internal diameter of the 
tube, and twisted so as to form a helix of long pitch, making 
only two or three turns in the length of the tube. The effect 
of this arrangement — the strip being known as a **retarder " 
— is to break up the current of gas and cause all portions of 
its volume to touch the inner surface of the tube. At the 
same time the retarder itself is intensely heated, and rapidly 
radiates its heat through the tube to the water. The dual 
efifect of the retarder is to materially increase the evaporative 
power and the efficiency of the boiler. 

The economic result of the use of retarders is shown in 
Table No. 78 by the tests of Whitham* upon a 100 H.P. 

Table No. 78. 

reduction in temperature of flue-gases and in coal- 
consumption by the use of retarders. 



Horse-power 
Developed. 


Reduction in 
Temperature 

of Flue-eases. 

Degrees Fahr. 


Reduction 
in Coal- 
consumption. 
Per cent. 


52 


20 


0.0 


75 


53 


0.0 


100 


32 


3.2 


125 


46 


4.0 


150 


19 


3-3 


170 


59 


3.6 


200 


36 


4.1 


225 


26 


8.6 


239 


123 


18.4 



horizontal tubular boiler operated at from about 50 per cent 
below to about 140 per cent above its rated capacity. The 
evident result is a reduction in the temperature of the flue- 



*"The Efiect of Retarders in Fire-tubes of Steam-boilers." J. M. 
Whitham. Transactions American Society of Mechanical Engineers, vol. 

XVII. 
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gases, with a corresponding decrease in the coal-consumption. 
But, obviously, as the name *'retarder" implies, this result 
cannot be attained without an increase in the draft. In this 
connection Whitham presents results, given in Table No. 79^ 
showing the different drafts and resistances. 

Table No. 79. 

DRAFT AND" RESISTANCE WHEN RETARDERS ARE USED. 



Items. 



Furnace-draft 

Resistance of pass under boilers and through tubes without 

retarders 

Total draft of stack if no top pass is used 

Resistance due to having retarders 

Total draft if there is no return pass and retarders are used. 
Increased resistance due to return pass over top of boilers.. 



Draft or 

Resistance in 

Inches of 

Water. 



0.30 

0.27 

0.57 
0.31 

0.88 

0.07 



Whitham's general deductions regarding retarders are that 
they interpose a resistance varying with the rate of combus- 
tion ; that they reduce the temperature of the flue-gases, and 
increase the effectiveness of the heating-surface; that they 
should not be used where the draft is small; that they can be 
used to advantage in plants using a fan, and that they may 
show from 5 to 10 per cent advantage whenever the Jjoiler- 
plant is pushed and the draft is strong. 

The second method of increasing the efficiency of fire- 
tubes is more direct, and consists in a special construction of 
the tube itself. Such is the case in the Serve tube, which is 
outwardly cylindrical, but from whose inner or fire surface a 
number of equidistant radial ribs parallel to the axis converge 
toward the centre. The radial length of the ribs is usually 
about one fifth of the external diameter of the tube, and they 
are seven or eight in number, according to the external 
diameter. The superior economy of these tubes is accounted 
for upon the theory that the ribs break up the column of 
gases, and by means of their extended surface extract heat 
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from all parts of it. A six-day comparative test of the effi- 
ciency of plain and ribbed tubes, under practically identical 
conditions, was made by Roelker,* and the general results 
are presented in Table No. 80. In some cases retarders are 
used with these tubes, securing thereby even better contact * 
of the air, because of its being forced to pass through the 
spaces between the retarder and the ribs. Comparative 
results are presented in Table No. 126 

Table No. 80. 

COMPARATIVE TESTS OF EFFICIENCY OF RIBBED AND PLAIN FIRE- 
TUBES. 



Duration of Tests. 



Two 8-hour tests 
Two 8-hour tests. 
Two 8-hour tests- 
One 8-hour test. . 
One 8-hour test. . 



Manner of 

Producing- 

Draft. 



Natural 
Mechanical 
Mechanical 
Mechanical 
Mechanical 



Intensity 

of 

Draft. 

Inches 

Water. 



1/8 

1/2 

7/8 
13/16 
19/16 



Pounds of Water 

Evaporated per Pound 

of Coal. 



Plain 
Tubes. 


Ribbed 
Tubes. 


5.08 

5.98 
4.68 


7-35 
7.60 

6.75 
7.41 
6.52 





Of course the highest relative efficiency of such devices 
will be shown when the tubes are comparatively short and 
the gases with plain tubes are rejected at a high temperature. 
But under all ordinary conditions there can be no question of 
their efficiency. They are of especial advantage when space 
or the design of the boiler forbids the convenient introduction 
of additional heating-surface in any other manner, as is usually 
the case in marine boiler-practice. They cannot, however, 
be advantageously used when the draft is small, as has 
already been evidenced. 

Another device designed to utilize the waste heat of the 
gases for warming the air supply is the Eaves helical boiler. 

*** Serve's Ribbed Boiler-tube." Passed Assistant Engineer G. S. 
Willits, U. S. Navy. Journal of American Society of Naval Engineers, 
August, 1891. 
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This is of the marine type with a double inclosing case 
of sheet steel. The gases escape into the annular space 
between the boiler-shell and the inner envelope, and are 
caused to pass around the boiler in a helical direction, thus 
giving them time to part with a portion of their heat to the 
air as it passes in a similar manner between the inner and 
outer envelopes. Thence it enters the furnaces at a high 
temperature, while the gases are drawn through the draft-fan 
in decreased volume and temperature. The results of tests 
of this device applied to a Scotch boiler 10.5 feet diameter 
by 10.5 feet long are presented in Table No. 81. 

Table No. 81. 
results of test of eaves* helical-draft boiler. 



Items. 



Duration hours 

Total coal burned pounds 

Total water evapors^ted pounds 

Temperature of feed-water degrees Fahr. 

Steam-pressure . pounds per square inch 

Revolutions of fan-engine per minute 

Temperature of air at side valve degrees Fahr. 

Temperature of gases at inlet of fan degrees Fahr. 

Temperature of gases in smoke-box -j 

Vacuum under grate bars inches of water 

Vacuum over fires inches of water 

Vacuum at base of chimney inches of water 

Vacuum above fan outlet inches of water 

Velocity of air per minute under grate bars feet 

Velocity of air per minute through outer casing feet 

Temperature of the air entering outer casing, degrees 

Fahr 

Coal burned per square foot of grate per hour. ..pounds 

Water evaporated per pound of coal pounds 

Water evaporated per lb. of coal from and at 2ia<*.. pounds 
Calorific value of coal used, expressed in pounds of water 

evaporated from and at 212** 

Efficiency of boiler per cent 



First Trial. 


Second Trial. 


7 


7 


7581 


8022 


71000 


71500 


54 


50 


43-4 


45 


508 


520 


234 


259-5 


309 


353-8 
Melted bismuth, 


Melted bismuth, 


not lead. 


not lead. 


0.75 


0.64 


0.82 


0.81 


4-59 


4.59 


0.38 


0.38 


1476 


1362 


257 


227 


78 


67 


33.84 


35.81 


936 


8.91 


XI. 12 


10.63 


23. 6 


13.6 


82 


78.3 



Mechanical Stokers. — The higher efficiency attained when 
the firing is in small amounts at frequent intervals, and when 
the fire is carefully maintained in the best possible condition, 
points to the results which should ensue from the employment 
of a proper method of continuously feeding the fire by 
mechanical means. The mechanical stoker, as a substitute 
for hand-firing, possesses many advantages, but they can only 
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be realized when the stoker is properly suited to its particular 
work and is intelligently operated. Its advantages maybe 
summarized as — 

First. Adaptability to the economical combustion of the 
cheapest grades of fuel. 

Second. Saving in labor of firing. 

Third. Economy in combustion even with forced firing, 
under proper management. 

Fourth. Constancy and uniformity of the furnace condi- 
tions. 

Fifth. Smokelessness. 

Three principal types of mechanical stokers are to be 
found in use. 

The under-feed, by which the fuel is, by screw or plunger, 
forced upward from beneath. In the common forms the fuel 
is thus supplied along the centre of the length of the grate, 
and as it is forced upward falls over to the sides and thus 
forms a long mound, thin at the sides of the grate and of con- 
siderable thickness in the centre. This thickness necessitates 
a very strong under-grate blast, which can only be secured by 
the use of a blower, and is generally applied in greatest 
volume at or near the centre. 

The inclined over-feed type generally consists of a sloping 
grate, the highest portion being at the front of the boiler, 
where the coal is fed. The grate-bars are usually so con- 
structed and arranged that they may be periodically moved 
so as to feed the fuel along and down the surface. The 
motive power by which this practically continuous movement 
and feeding process is maintained is, in most cases, derived 
from a small independent engine, although hand-power is 
sometimes used in small plants. Evidently this latter method 
of operating results in a much less frequent movement of the 
coal. Excellent results with this form of mechanical stoker 
can be obtained when forced draft is used and the air is 
admitted either through the grate-bars themselves, or between 
them from the space beneath. With either arrangement there 
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is an excellent opportunity for the most perfect distribution 
of the air and its intimate contact with the fuel. 

The third type of mechanical stoker consists of a chain- 
grate upon which the fuel is fed at the front of the boiler, and 
which by its slow progress toward the bridge-wall gives the 
fuel an excellent and undisturbed opportunity for complete 
combustion. It is particularly adapted for the lowest grades 
of fuel, and in its most perfect form is so arranged that the 
fuel, at different points in its progress, receives its air-supply 
in different amounts and under different pressures, each best 
suited to the given stage of the combustion. The proper 
introduction and regulation of the air requires that it should 
be supplied by a blower, which thus forms an inherent part 
of such a plant. Comparisons between mechanical stoking 
and hand-firing, as well as between different forms of mechan- 
ical stokers, demand that the conditions shall be practically 
identical. In Table No. 82 are presented the results of 



Table No. 82. 



TESTS OF MECHANICAL STOKERS. 





A 


B 


C 


D 




Hand. 


Stoker. 


Hand. 


Stoker. 


Hand. 


Stoker 


Hand. 


Stoker. 


Coal per hour, pounds.. . . 

Coal per hour per sq. ft. 

crate Dounds 


2022 

25-3 

7. II 
7-77 


1422 
28.4 

8.70 
9.67 


2022 
a5-3 

7.ti 
7-77 


1800 
29.0 

9.12 
10.07 


428 


432 


857 
29. z 

8 .81 


771 
30.9 

Z0.29 


Water evaporated per 
hour per pound of coal 
from and at 2x2*', lbs. .. 

Water evaporated per 
hour per pound of com- 
bustible from and at 
212®, pounds 


7.68 
8.96 


8.80 
10.01 







several comparative tests made under such conditions, each 
with a different form of mechanical stoker. They serve to 
show the undeniable economy resulting from this method of 
feeding coal. Although several forms of mechanical stokers 
are included in the list, the tests are, for obvious reasons, 
designated only by distinguishing letters, each letter covering 
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the results with both hand-firing and mechanical stoking under 
similar conditions. 

Constant attention is necessary in mechanical firing in 
order to regulate the rate of feed to the rate of evaporation; 
but the total amount of labor is far less than that required in 
hand-firing. When bituminous coal is mechanically fired 
there can be but little question that the plant, if of reasonable 
size, will operate with sufficient economy to pay a good return 
on the extra investment required for the stoking apparatus. 

Powdered-fuel Furnaces. — Coal, in the form of dust, fed 
to the boiler-furnace in a current of air, has to some extent 
been employed for the purposes of steam-generation. The 
arrangement usually comprises a device for reducing the coal 
to an impalpable powder. It is then fed, together with air 
ordinarily supplied by a fan, into the front of the furnace. 
Theoretically this method appears to have certain advantages 
which should make it successful. There is opportunity for 
instantaneous combustion, and the most intimate contact of 
the air, whereby the minimum amount may be employed. 
There should be no loss by decrepitation ; but this is more 
than offset by the tendency to blow the dust in an unconsumed 
state directly up the chimney. The results indicate, however, 
that with such methods as have been tested the gain, if any, 
is more than counterbalanced by the added expense. 



CHAPTER VII. 

RATE OF COMBUSTION. 

Rate of Combustion. — The rate at which fuel is con- 
sumed in steam-boiler practice is usually expressed in pounds 
per hour per square foot of grate-surface. Evidently this 
rate must vary greatly according to the conditions governing 
in a given case. Although the draft is by far the most im- 
portant factor, yet the amount of coal burned per unit of area 
also depends, to a certain extent, upon the total area and 
arrangement of the grate-surface, the method of firing, the 
kind of fuel, and other factors of less importance. 

In the early days of the steam-boiler the rate of combus- 
tion, like the speed of the first steam-engines, was extremely 
low. The grates were large, the draft comparatively light, 
and forcing of the boilers less common than at the present 
day. The general raltes of combustion, as given by Rankine * 
for various types of boilers and conditions of draft, are pre- 
sented in Table No. 83. 

Since these figures were first given the rates have increased, 
so that 15 to 20 pounds is not at all uncommon in factory 
boilers, under exceptionally strong draft; while 25 to 40 
pounds is the usual marine practice, and 60 to 125 pounds are 
burned in the boilers of torpedo-boats. In fact, modern 
steam-engineering practice is constantly looking toward higher 
rates of combustion as an accompaniment to higher steam- 
pressures and engine-speeds, in the attempt to attain increased 
efficiency. 

* "A Manual of the Steam-engine." W. J. M. Rankine. 
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Table No. 83. 



RATES OF COMBUSTION. 



Conditions. 



Slowest rate of combustion in Cornish boilers... 

Ordinary rates in Cornish boilers 

Ordinary rates in factory boilers 

Ordinary rates in marine boilers 

Quickest rates of complete combustion of dry 
coal, the supply of air coming through the 
grate only 

Quickest rates of complete combustion of caking 
coal, with air-holes above the fuel to the ex- 
tent of 1/36 area of grate 

Locomotives -< 



Method of 

Producing 

Draft. 



Chimney 



4 ( 



(( 



t « 



Blast-pipe 
or fan 



Pounds of Coal 
per Square 

Foot of Grate 
per Hour. 



4 
10 

12 to 16 

16 to 24 



20 to 23 

24 to 27 

40 to 120 



The application of forced dra't to a furnace affords a 
means of obtaining a higher rate of combustion of fuel per 
square foot of grate-surface per hour than is conveniently 
obtainable with natural draft. The rate of combustion 
obtained in practice varies, with the intensity of the draft, 
from 30 to 200 pounds of coal per square foot of fire-grate 
surface per hour. A moderate rate of forced combustion is 
from 35 to 50 pounds of coal per square foot of grate per 
hour. 

Relation of Grate-surface to Heating-surface. — The 
ratio existing between the areas of grate- and heating-surface 
in various types of boilers has already been presented in Table 
No. 69. The influence of this ratio on the evaporation has 
also been indicated. As the economy of the boiler is usually 
expressed in the number of pounds of water evaporated per 
pound of coal, it is evident that, the surface-ratio and the rate 
of combustion also being known, the relative capacity of the 
boiler can be determined and expressed in pounds of water 
evaporated per square foot of heating-surface. In fact, this 
should be the ultimate basis of comparison rather than the 
rate of combustion; for the influence of the latter is depend- 
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ent upon the surface-ratio, which may vary considerably even 
in boilers of the same type. The results of this influence are 
shown in Table No. 84, in which, with a constant fuel-effi- 
ciency of 10 pounds of water evaporated from and at 212° per 
pound of coal, the evaporation per square foot of heating- 
surface has been calculated for different rates of combustion 
under different surface-ratios. Of course this table is purely 
theoretical, and applies only when the efficiency is 10 pounds, 
but it indicates relative values. 



Table No. 84. 

RATES OF EVAPORATION PER SQUARE FOOT OF HEATING-SURFACE. 







Pounds of Coal per Hour per Square Foot of Grate. 




Surface- ratio. 














5 


zo 


15 


20 


25 


30 


35 


40 


45 


1:25 


2.00 


4.00 


6.00 


8.00 


10.00 


12.00 


14.00 


16.00 


18.00 


1:30 


1.67 


3-33 


5 00 


6.66 


8.33 


10.00 


11.67 


13.33 


15.00 


1:35 


1.43 


2.86 


4.29 


5.72 


7.15 


8.58 


10.00 


11.44 


12.87 


1:40 


1.25 


2.50 


3-75 


5.00 


6.25 


7.50 


8.75 


10.00 


11.25 


1:45 


I. II 


2.22 


3.33 


4.44 


5.55 


6.66 


7.77 


8.88 


10.00 


i: 50 


1. 00 


2.00 


3-00 


4.00 


5.00 


6.00 


7.00 


8.00 


9.0a 


1:55 


0.91 


1.82 


2.73 


3.64 


4.55 


5.46 


6.36 


7.27 


8.17 


1:60 


0.83 


1.67 


2.50 


3-33 


4.17 


5.00 


5.63 


6.67 


7.50 



It is evident that, with a given boiler, it is a comparatively 
simple matter to so change the setting as to permit of the use 
of grates of a different area, thus altering the surface-ratio; 
and, further, that a reduction of grate-surface with the main- 
tenance of the same rate of combustion is relatively equivalent 
to' an increase in the heating-surface without change of the 
original grate. A reduction of grate-area, without corre- 
sponding increase in the rate of combustion, such that the 
total amount of fuel consumed remains the same, must of 
necessity reduce the rate of evaporation per square foot of 
heating-surface, and consequently the capacity of the boiler. 
Under such conditions the evaporative efficiency may be im- 
proved, but the boiler be actually incapable of performing its 
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previous amount of work. It is by such a combination of 
circumstances that the unprincipled advocates of certain 
so-called coal-saving devices have sometimes been able to 
show an increased evaporation per pound of fuel, which, while 
satisfactory in itself, was not secured under the ordinary 
working conditions, and might possibly have been as easily 
secured without the device. The capacity may be main- 
tained, even with reduced grate-area, by correspondingly 
increasing the rate of combustion. The limit to such arrange- 
ments is naturally set by the amount of fuel which can be 
fired and maintained in good condition per square foot of 
grate; while the evaporative capacity of the heating-surface 
is limited by the ability of the steam-bubbles to readily escape 
from its surface, which ability in turn is largely dependent 
upon the arrangement of the surface. 

Economy of High Rates of Combustion. — It has been 
shown in the preceding chapter that with a constant surface- 
ratio the evaporative efficiency of the boiler decreases as the 
rate of combustion is increased. But an increase of the rate, 
while the surface-ratio remains the same, is in effect an in- 
crease in the total quantity of coal consumed. The more the 
coal consumed the more the air required; hence the logical 
deduction that the efficiency will be reduced. For the larger 
volume of gases travelling at higher velocity will impart rela- 
tively less heat to the exposed surfaces and enter the chimney 
at a higher temperature. But in practice certain factors 
sometimes affect these theoretical considerations, so that the 
rate of combustion upon a given grate may be increased with- 
out appreciable adverse economic effect. 

It is to be noted that when the surface-ratio is constant 
the rate of combustion becomes practically a direct measure 
of the total amount of fuel consumed. If, however, the ratio 
be changed, as for instance by reducing the grate-area, the 
total consumption can only be maintained by increasing the 
rate of combustion per square foot. Under this condition it 
is certainly evident that at least no greater amount of air will 
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be required per pound of coal. In fact, experience shows 
that ordinarily the amount of air required will actually be 
reduced. This naturally results in an increase in the effi- 
ciency. Upon this fact rests one of the important advantages 
claimed for mechanical draft, for by its means may be pro- 
duced the intensity of draft requisite to high combustion-rates. ]; 

The conditions under which this increased efficiency can 
be secured must, however, be clearly understood. An in- , 

crease in the rate of combustion, when it is accompanied by i 

a greater coal-consumption, as would be the case where the ■ 

surface-ratio remains constant, is by no means always con- j 

ducive to economy. But when the total amount of coal i 

consumed remains the same, and the increased combustion- 
rate is secured by a reduction of grate-area and corresponding 
increase in the surface-ratio, a higher efficiency is the natural 
result. This is shown by Table No. 70, the figures in which 
give relative values. 

As there indicated, the efficiency of the fuel, or the water 
evaporated from and at 212° per pound of coal, is 10.23 
pounds for a stationary boiler, where the rate of combustion 
is 30 pounds per square foot of grate and the surface-ratio is 
30. This is equivalent to burning 30 -f- 30 = i pound of coal 
per square foot of heating-surface per hour. If the surface- 
ratio were 50, and the coal-consumption per square foot of 
heating-surface remained the same, — namely, i pound, — the 
rate per square foot of grate would be 50 X i = 50 pounds. 
The table shows that with these conditions of surface-ratio 
and rate of combustion the evaporation would be 10.67 
pounds, an increase of about 4 per cent. The high rates are 
chosen for illustration only because they avoid interpolation 
in the table; but the same principle holds throughout. For 
instance, a rate of 25 pounds per square foot of grate, with a 
ratio of 50, gives about 9 per cent higher efficiency than a 
rate of 15 pounds and a ratio of 30, although the coal-con- 
sumption per square foot of heating-surface is the same. 

The principal if not the sole cause for this increase in 
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efficiency is to be found in the decreased supply of air which 
is required per pound of coal when the rate of combustion per 
square foot of grate is raised. The reason of the decreased 
requirement appears evident in the fact that the higher rate 
of combustion necessitates a deeper fire, and that the air sup- 
plied is, therefore, compelled to come in contact with a 
greater amount of fuel, and afforded a better opportunity to 
promote perfect combustion. The intensity of the fire is 
increased, its temperature is higher, more heat is radiated to 
the exposed boiler-surfaces, and more is taken up by the 
gases. Furthermore, the diminished superficial^ area of the 
grate and of the exposed interstices between the fuel necessi- 
tates a higher velocity to secure the admission of a given 
volume of air. This increased velocity in turn requires 
greater draft or air-pressure. The volume at a given tem- 
perature passing through the coal is proportional to the 
velocity, but the pressure varies as the square of the velocity. 
Therefore, if a given grate be reduced one half, and the rate 
of combustion doubled, so as to maintain the same total con- 
sumption, the same volume of air would have to travel through 
the exposed interstices at twice the velocity. But the pres- 
sure or vacuum would be four times as great, and, as a conse- 
quence, the air would be forced or drawn into spaces between 
the fuel which it could not reach under lesser impelling force. 
Much more intimate contact and distribution are the results. 
Less free oxygen passes through the fuel-bed unconsumed, 
and for a given supply of air a higher efficiency of the fuel is 
attained. But the high pressures necessary to such results 
seldom exist or are attainable where the ordinary chimney is 
depended upon for the production of the draft. In fact, the 
present rates of combustion common in factory practice are 
such largely because of the inability of a chimney of moderate 
height and cost to economically provide draft of sufficient in- 
tensity for higher rates. For this reason forced or mechanical 
draft has always been considered in a sense separate and apart 
from chimney-draft, and until recently has been regarded 
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principally in the capacity of producing draft-pressures beyond 
the limits of the ordinary chimney. 

Nearly forty years ago Rankine wrote that ** in furnaces 
where the draft is produced by means of a blast-pipe, like 
those of locomotive-engines, or by means of a fan, the quan- 
tity of air required for dilution, although it has not yet been 
exactly ascertained, is certainly much less than that which is 
required in furnaces with chimney-drafts; and there is reason 
to believe that on an average it may be estimated at about 
one half ol the air required for combustion." 

Hutton* bases his estimate of increased efficiency with 
mechanical draft upon the decreased amount of air required 
therewith, and the resulting higher furnace-temperature. 
Accepting 24 pounds of air as necessary per pound of coal 
under natural draft, he shows the furnace-temperature to be 
2926° with perfect combustion, giving an efficiency of 66 per 
cent. Accepting 18 pounds as required under forced draft, 
the furnace-temperature is shown to be 3686°, and the effi- 
ciency 76 per cent. 

This subject has not been so carefully investigated as its 
importance warrants, but it is reasonably well established 
that, under ordinary conditions, a decreased amount of air is 
required with rapid rates of combustion. Owing to the in- 
fluence of surface-ratios, kind of fuel, construction of the 
furnace, and the like, any absolute basis of comparison is, 
however, practically impossible. 

Recent extended experience with American boilers and 
coals, as shown by the following quotations, points clearly to 
the substantial maintenance under proper operation of the 
evaporative efficiency with widely varying rates of combus- 
tion. Low, in the report of the Committee on Data of the 
National Electric Light Association,! states: **I have plotted 
the water evaporated per hour per square foot of heating- 



* "Steam-boiler Construction." Walter S. Hutton. 
f The Engineering Record^ June 26, 1897. 
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surface, and the pounds of water evaporated from and at 212** 
per pound of combustible, as determined by thirty different 
tests on Babcock & Wilcox boilers, and proved that practically 
as good results are obtained at over 5 pounds per square foot 
of heating-surface as at 1.75 pounds, and the intermediate 
tests show no dependence on the rate of evaporation. I have 
plotted in the same way all of the tests of which I could find 
a record, and in this wide range still no evidence is apparent 
of any dependence of the boilers represented on the rate of 
evaporation within the range covered. This means that the 
variation of efficiency of boilers within the range here com- 
prised is less than the variations due to different firing, etc. 

** Bryan, in a paper read before the Engineers' Club of 
St. Louis, gives the data and tests in which a battery of hori- 
zontal tubular boilers were forced to more than double their 
rating with only the following improvement of their efficiency: 
[In brief the tabulated results show the coal per square foot of 
grate-surface to range between 18.074 and 43.68, that per 
square foot of heating-surface between 0.332 and 0.803, the 
water evaporated per square foot of heating-surface between 
2.43 and 5.235, and the evaporation per pound of combusti- 
ble from and at 212° between 9.27 and 8.827. In percentage 
of rated capacity the range is between 100.2 and 2 19.83, while 
the efficiency percentage of heat utilized varies between 76.38 
in the former and 68.83 i" ^^e latter.] Here is a battery of 
boilers which were forced to nearly double their rated capacity 
with a decrease of only 6 per cent in their efficiency, and which 
could doubtless have been diminished to one third of their 
rated capacity with a less impairment still. In other words, 
with good management and an adaptation to conditions, these 
boilers would have taken care of a maximum load six times 
the minimum without suffering extremely.** 

Clark* states that ** the proportion of surplus air required 
appears to diminish as the rate of combustion and the general 



* " The Steam-engine." D. K. Clark. 
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temperature in the furnace are increased,*' and presents the 
results here given in Table No. 85 as evidence of the truth of 

Table No. 85. 

surplus air with different rates of combustion. 



Kind of Boiler. 



Cornish 

Delab^che and Playfair 
Longridge 



Coal Consumed per 

Square Foot of Grate 

per Hour. Pounds. 



2 to 4 
10 to 16 
20 and upwards 



Surplus Air 
Per cent. 



100 
25 to 50 

9j 



this statement. Although the surplus air with the Longridge 
boiler appears extremely low, yet the experiments of Whit- 
ham, given in Table No. 86, although conducted under special 
conditions, tend to confirm its probability. 

Table No. 86. 

air-supply with different rates of combustion on a 
wilkinson automatic mechanical stoker. 



Buckwheat Coal 
Burned per Hour per 
Square Foot of 
Stoker-grate. 
Pounds. 


Air Theoretically 
required to Burn 

One Pound of 

Buckwheat Coal. 

Cubic Feet. 


Air Actually Supplied 

to Burn One Pound of 

Buckwheat Coal. 

Cubic Feet. 


Percentage of 

Excess or 
Deficiency of 
Air Supplied. 


12.0 
18.0 
25.2 
32.5 
41.5 
45.4 


125 
125 
125 
125 
125 
125 


232 

157 
132 
123 
III 
III 


+ 85.6 
+ 25.6 
+ 5.6 

— 1.6 

— II. 2 

— II. 2 



Although it is commonly accepted that the air-supply with 
chimney-draft is about 300 cubic feet (approximately 24 
pounds per pound of coal where the combustion-rate is from 
ID to 15), yet there is in practice a wide variation from this 
standard. Thus the tests of Messrs. Donkin and Kennedy, 
already presented in Table No. 13, show a range between 
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16. 1 pounds, and 40.7 pounds per pound of coal; that is, an 
excess of 56 to 328 per cent. In marine practice, with forced 
draft, a combustion-rate of 30 to 40 pounds may be easily 
maintained with a supply of 225 cubic feet of air per pound 
of coal. 

Greater care in the distribution of the air and in maintain- 
ing the condition of the fire is necessary to a successful reduc- 
tion in the air-supply. This is very clearly evidenced by the 
remarkable results of tests by Whitham* upon automatic 
mechanical stokers. Those relating to the Wilkinson stoker, 
under different rates of combustion, are presented in Table 
No. 86 and also in Fig. 11. It is to be noted that there is an 
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fig. 11. AIR SUPPLY WITH DIFFERENT RATES OF COMBUSTION. 



excess of air up to a combustion of 30 pounds of dry coal per 
hour per square foot of grate. An evaporative efficiency of 
11.69 pounds of water from and at 212° per pound of com- 
bustible was recorded when burning 45.4 pounds, while the 
table shows that there was an actual deficiency in the air- 



♦ " Experiments with Automatic Mechanical Stokers." J. M. Whitham. 
Transactions American Society of Mechanical Engineers, vol. xvii. 
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supply. The natural explanation of maintained efficiency 
with this air-supply is to be found in the construction of the 
stoker. It consists of a number of hollow grate-bars, to the 
ends of which the air is admitted and through numerous 
small holes in the upper surfaces of which it escapes. The air 
is thus thoroughly diffused throughout the fire; there is prac- 
tically perfect contact of air and fuel, and consequent com- 
bustion with the minimum of waste gases. 

** Doubts may be entertained," so states Hoadley,* ''as 
to so large excess of air as 150 per cent occurring in practice. 
In fact, it is very common. It is not easy to carry on com- 
plete combustion by means of natural draft with less than 
100 per cent excess, /.^., double the necessary quantity. . . . 
Experiments to ascertain the composition, volume, and 
temperature of the gases from 17 boilers, burning good 
anthracite coal at a known rate, with great care and under 
most favorable conditions of draft, grate-area, rate of com- 
bustion, area of heating surface, and general arrangement, 
gave, by analysis, carbon dioxide (no monoxide), nitrogen, 
and free atmospheric air — the latter being one half the 
whole. A check upon the accuracy of these results was 
found in the temperature of the furnace. . . In my opinion, 
it is understating rather than overstating the matter to say 
that the average of good practice would show a double supply 
of air." 

The deductions of Clark, already given in the preceding 
chapter, regarding the relation of grate-area, heating-surface, 
water, and fuel, serve to confirm the statement that an in- 
creased rate of combustion does not entail decreased efficiency 
when the total consumption remains constant. Regardless 
of any reduction in the air-supply required per pound of 
coal when the rate is increased, he showed by the results of 
extended experiment f upon locomotive-boilers that the 



* *' Warm-blast Steam-boiler Furnace.** J. C. Hoadley. 
t ** The Steam-engine." D. K. Clark. 
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efficiency remained practically constant when the rate of com- 
bustion increased and the total evaporation proceeded in the 
ratio of the square of the surface-ratio. The results, with 
values calculated therefrom, are presented in Table No. 87. 

Table No. 87. 

effects of different surface-ratios and rates of 

combustion. 



Designa- 
tion 
Groups 
of Tests. 


Coke 

Consumed per 

Square Foot 

of Grate 

per Hour. 

Pounds. 


Average Ratio 
of Heating- 
surface to 
Grate-surface. 


Coke 
Consumed per 
Square Foot 
of Heating-sur- 
face per Hour. 
Pounds. 


Water 
Evaporated per 

Square Foot 
of Heating-sur- 
face per Hour. 
Pounds. 


Water 

Evaporated 

per Pound of 

Coke. 

Pounds. 


A 


42.7 


52 


0.82 


7-4 


9.0 


B 


55.0 


66 


0.83 


7.6 


9.1 


C 


86.0 


72 


1. 19 


10.6 


8.9 


D 


126.0 


90 


1.40 


12.5 


8.92 



It is to be noted that under the experimental conditions the 
capacity of the group of boilers, as measured in pounds of 
water evaporated per hour per square foot of heating-surface, 
increased from 7.4 to 12.5, or 69 per cent, while the efficiency 
remained substantially constant. It is a perfectly reasonable 
inference that had the capacity been maintained constant, the 
efficiency would have increased with the rate of combustion. 
Further and more direct evidence that with a given total 
coal-consumption the efficiency of the boiler rises as the rate 
of combustion is increased, is presented by the tests of 
Burnat * upon a French boiler with grates of three different 
areas. The principal items in these results are given in Table 
No. 88, which shows that with practically the same quantity 
of coal consumed per hour on the three grates the efficiency 
increased as the grate-area was diminished in the ratios of 
7.26 pounds, 7.54 pounds, and 7.79 pounds of water per 
pound of coal, although in the third case a larger supply of 
air was provided. 

* Bulletin de la Soci6t6 Industrielle de Mulhouse, vol. xxx. 
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Table No. 88. 



RESULTS OF PERFORMANCE OF FRENCH BOILER WITH GRATES OF 

DIFFERENT AREAS. 





Air at 63« 

Fahr. per 

Pound of 

Coal. 

Cubic Feet. 


Average Temperature. 


Coal Consumed. 


Residue. 
Per cent. 


Water per 
Pound of 
Coal from 

and at 213". 
Pounds. 


Area of 

Grate. 

Square 

Feet. 


Feed- 
water. 
Degrees. 


Gas at 
Dampers. 
Degrees. 


Per Hour. 
Pounds. 


Per Hour 
per Square 

Foot of 

Grate. 

Pounds. 


24.70 
12.37 

9-03 


161 
164 
180 


124 
124 

117 


576 
612 

570 


125 
127 
124 


5.28 
11.00 
14.74 


16.5 

18.7 
19.0 


7.26 

7.54 
7.79 



Similar confirmatory results * with grates 6 feet and 4 feet 
long are presented in Table No. 89, showing that higher 
efficiency and rapidity of evaporation were obtained from the 
shorter grate with about equal quantities of coal per hour. 

Table No. 89. 

effect of length of grate upon efficiency and rapidity 

of evaporation. 





Length of Grate. 


Items. 


4 Feet. 


6 Feet. 


Total coa,l oer hour • oounds 


400 

14 
10.10 


414 

23 
10.91 


Coal per hour per square foot of grate pounds 

Water at 212** evaporated per pound of coal. ... pounds 



The inference must of necessity be drawn from the preced- 
ing that an increase in the surface-ratio and a corresponding 
increase in the rate of combustion will under proper conditions 
result in raising the efficiency. Under the present conditions 
of boiler-design and the arrangements existing in most boiler- 
plants, the simplest means of securing the desired results 
would appear to lie in the introduction of feed-water, or air- 

* *'The Steam-engine." D. K. Clark. 
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heaters, or similar devices of such proportions that the gases 
resulting from the more rapid combustion will be prevented 
from escaping at too high a temperature. 

Thickness of Fire. — It is commonly accepted that to 
economically burn an increased quantity of coal per square 
foot per hour it is necessary to increase the thickness of the 
layer of fuel. Comparative tests with different thicknesses of 
fire in a marine boiler, by Richardson and Fletcher,* showed, 
by Table No. 90, that the efficiency increased with the thicks 
ness of the fire. 

Table No. 90. 

EFFICIENCY OF THICK FIRES. 



Items. 



Coal consumed per square foot of grate per 
hour pounds 

Water evaporated per pound of coal, as supplied 
at 212** pounds 



Thickness of Fire. 



9-inch. 



27 



10.77 



xa-inch. 



27 



11.23 



x4-inch. 



27 



11.54 



There are conditions, however, where the thinner fire may 
prove the more economical, as where the rate of combustion 
is such that a heavy fire fed at long intervals and given but 
little attention is compared with a thinner fire fed more 
frequently and run under better management. Evidently, 
stronger draft is required with the thicker fire ; but this, as 
has already been pointed out, should be an element in the in- 
creased efficiency because of the greater pressure which causes 
more intimate contact of air and fuel. 



* Report on the Boiler and Smoke-prevention Trials conducted at 
Wigan, 1869. 



CHAPTER VIII. 

DRAFT. 

Definition. — Air is a necessity to the combustion of all 
fuel. Not only must it be supplied in volume sufficient to 
meet the chemical requirements, but force must be exerted to 
compel it to pass through the fuel and thereby cause it to 
come in contact with the incandescent carbon. This force is 
measured by the pressure-difference which causes the flow and 
overcomes the resistances, and is commonly designated as the 
draft. As usually employed, this term applies to the differ- 
ence in pressure between the external air and the gases as 
they leave the boiler, although, as related to the combustion 
of the fuel, it should properly apply to the difference between 
the under- and over-grate pressures. It is generally measured 
in inches of water by means of a draft-gauge. The term 
** draft " is sometimes, though seldom, employed as a measure 
of the volume or weight of the gases passing through the fire. 
As the readings of a draft-gauge give no direct indication of 
their volume, the quantity of air or gases must be determined 
by other means. 

In the case of a chimney, the maximum intensity of draft 
exists only with the maximum temperature of the gases; but 
after the temperature reaches about 600° F. their density 
decreases more rapidly than their velocity increases, so that 
the weight of air supplied is a maximum at about this tem- 
perature. As the draft is almost universally measured by the 
difference in pressure, expressed either in inches of water or 
in weight per unit of area, the term will be here employed as 

indicating the intensity or force with which it acts. This 

194 
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difFeronce in pressure, whether it be the result of creating a 
plenum in the ash-pit or a partial vacuum in the boiler-fur- 
nace, is always necessary to produce the flow of air through 
the fuel whereby combustion is maintained. It is evident, 
therefore, that the draft or pressure-difference and the 
velocity or air-flow are interdependent. 

Relation of Pressure and Velocity. — As the laws which 
govern the movement of gases are the same as those which 
apply to Hquids in motion, their application can be most 
readily illustrated by means of a liquid, which has visible sub- 




JL 



stance. If a vessel with vertical sides, as indicated in Fig. 12, 
be filled with water at 50° F. to the level A^ the total pres- 
sure upon the bottom will be equal to the weight of the entire 
quantity of water. If the area of the base be 100 square 
inches, and the total weight of water be 1500 pounds, the 



pressure per square inch will be 



1500 



= 15 pounds. This 



indicates that each column of water having l square inch for 
its base, and the distance AB = k for its height, weighs 15 
pounds. As the weight of water per cubic foot at 50° is 
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62.409 pounds, and consequently 0.0361 per cubic inch, it 

15 

is also evident that the distance AB must be ^- = 415.^ 

0.0361 *<• ^ •> 

inches = 34.6 feet. This depth of water, A, producing the 

given pressure per square inch, is known as the total head, 

and in this case is also the hydrostatic, or pressure, head« 

Obviously the pressure exerted is directly proportional to the 

head or depth of water. For, the cross-section of the vessel 

remaining constant, any change in the depth of the water 

must result in a coincident change in the total weight of water 

which presses upon the bottom. 

If, now, a pipe C be inserted in the side of the vessel at 

such a height above the base that the distance A, is 25 feet, it 

is evident that the pressure per square inch of cross-section 

25 
of the vessel at this point will be — ^ of that upon the base; 

25 
that is, — -p X 15 = 10.85 pounds. In other words, it will 

be equivalent to the head of water multiplied by its density, 
as clearly shown by the equations 

P 
p-=-hd and A = -, 

in which/ = pressure, h = head, rf= density. 

This pressure is' transmitted to the water in the end of the 
pipe at its junction with the vessel. If, now, the vessel be 
arranged to receive a continual supply of water through D^ 
such that its level A will be kept constant notwithstanding 
the outward flow through the pipe C, the head A, will con- 
tinue the same, as will also the pressure which is exerted upon 
the water in the end of the pipe. By the action of gravity 
the water seeks to escape through the pipe, and its effect or 
pressure is exactly proportional to the head or depth A,. 

If there were no friction whatever in the pipe, the total 
head would be rendered effective for producing flow, and the 
speed or velocity of that flow would be exactly that which 
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would finally result if a body under the action of gravity had 
freely fallen the distance measured by the head h. Therefore, 
its velocity is determinable by the well-known formula for 
falling bodies, viz., 



V = ^2ghy 

in which v = velocity in feet per second; 
h = the head in feet ; 
g = acceleration due to gravity = 32. 16. 

As it has already been shown that A = -^, this formula, as 

applied to the velocity of movement of fluids, may take the 
form 



" = v ^4- 



In practice the walls of the pipe under consideration would 
restrict the freedom of flow, and a portion of the total head 
or pressure would have to be expended in overcoming the 
resistance. This resistance is naturally greatest at the part 
of the pipe farthest removed from the outlet, for the freedom 
of flow increases as the water nears the end of the pipe where 
there is no resistance; the atmospheric pressure at this point 
being balanced by that upon the upper surface of the water 
in the vessel. If the pipe should be provided with 'a series 
of small open-topped gauges, as shown, they would respec- 
tively indicate, by the heights of water within them, the 
resistances which exist at the different points. The decreas- 
ing heights of these columns as they approach the end of the 
pipe is evidence of the decreasing resistance. The regularity 
of this fall is indicated by the dotted line EF, while the fall 
in the total head available at each of these points is repre- 
sented by the line GH. Since these lines are parallel, the 
vertical distance between them, which represents the portion 
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of the head utilized for producing velocity, is evidently con- 
stant. 

As the total head represents the sole means of producing 
movement of the water, whatever portion of this head is used 
for overcoming resistance reduces by just so much the amount 
that remains available for the production of velocity. That 
portion of the total head which is thus employed to overcome 
resistance is known as the pressure -head^ while that remaining 
and utilized for the production of velocity is designated as the 
velocity-head. 

Evidently, if the pipe be of uniform diameter and the 
water be considered non-compressible, the velocity must be 
uniform, and hence the velocity or pressure expended for pro- 
ducing that velocity must also be uniform. This confirms the 
evidence of the parallel dotted lines in the figure. 

With a constant total head any increase in the length of 
the pipe naturally increases the pressure-head and conse- 
quently reduces the velocity-head. If, however, the pipe be 
entirely removed, leaving only the orifice, the pressure-head 
will be practically eliminated and the total head will become 
the velocity-head. The actual velocity through the opening 
will be very slightly less than that calculated by the formula, 
owing to the slight friction of the water in passing through. 
But the volume passing through an opening in a flat plate will 
be considerably less than that which would be calculated by 
multiplying the area of the opening by the velocity, or rate 
of flow. This is due to the fact that the stream contract-s as 
it leaves the opening, so that its minimum area, which is at a 
short distance from the orifice, becomes only about two thirds 
of the area of the opening. The effect of other forms of 
opening is such as to render necessary the determination of 
the coefficient of discharge for each. 

EfHux of Air. — As the pressure is dependent upon both 
the height and the density of the fluid, it is evident that for 
a given pressure the less the density the greater the height of 
the column. But the law of falling bodies recognizes the fact 
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that it is the distance fallen through and not the weight of the 
body that determines its velocity. Therefore, the less dense 
a body the higher the column required to produce a given 
pressure and the greater the velocity of discharge. From this 
it is evident that the velocity of a gas issuing under a given 
pressure would be greater than that of a liquid under the same 
conditions. And conversely, the more dense the fluid issuing 
at a given velocity the greater must have been the pressure 
to produce that velocity.^ 

In the case of a liquid, the atmospheric pressure upon the 
inlet and outlet of a containing vessel is balanced and the 
actual height or head may be actually measured. But air is 
invisible, and there is no tangible distinction in substance 
between that producing the pressure and that constituting the 
surrounding atmosphere. 

The pressure of the atmosphere is due to the weight of 
the air, and, for any area, is to be measured by the weight of 
a column of air having the given area as a base, and a height 
equal to that of the atmosphere. But this height cannot be 
accurately determined, and, furthermore, the density of the 
air decreases in geometric ratio as the distance from the earth 
increases. For the purposes of calculation, however, the 
practical equivalent of such a column may be determined by 
assuming the air to be of uniform density throughout, and the 
column of such a height as to weigh the same and to produce 
the same effective pressure per unit of area. 

Under the standard conditions of barometric pressure of 
29.921 inches, the atmospheric pressure is 14.69 pounds 
per square inch, or 2115.36 pounds per square foot. At 
this pressure a cubic foot of dry air at 50° has a density 
of 0.077884 pounds. Consequently a homogeneous column 

^^ = 27, 160 feet high, having a base of one square foot 

area, would weigh 2115.36 pounds and exert this pressure 
upon the given area. 
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If air under this head were to be allowed to flow freely 
into a vacuum, the velocity, by the formula, would be 



V = ^2g X 27160 

= 1^64.32 X 27160 

= 132 1.7 feet per second. 



In the case of air flowing into a vacuum the total head 
is actual, although here reduced for simplicity to that of a 
homogeneous column. But under any other conditions both 
the pressure-head and the velocity-head are purely ideal. 
The fact that a given air-pressure exists in a reservoir does not 
indicate the existence of an actual column of air of known 
density. But the height of such an ideal column is readily 
determinable by calculation from the simple equation 

and it is this ideal height that is used in calculation. 

If, as is frequently the case, the pressure is expressed in 
inches of water, as indicated by the balanced height of a 
column of that liquid in a water-gauge, this may be readily 
transformed into the height of the equivalent column of air. 
Thus, if the pressure-diflference in inches of water be repre- 
sented by Hy and the equivalent head of air in feet by A, the 
value of h will be 

density of water X H 
12 X density of air ' 

then at a temperature of 50° F. 



__ 62.409 X H 
"" 12 X 0.077884 
= 66.77 H. 
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If this value be employed in the formula for velocity, it 
becomes 



«; = 4^64.32 X 66.77 H 
= 65.5^^, 

from which may be approximately determined the velocity of 
efflux of air under any given pressure-difference expressed in 
inches of water. As the value of H is dependent upon the 
temperature of both air and water, more particularly the 
former, it is evident that the value of the constant applies only 
under the stated conditions; and the value of v must be con- 
sidered as only approximate where the formula is employed 
under other conditions without suitable corrections therefor. 

But for. more refined calculation additional factors must 
be taken into consideration. For simplicity the atmospheric 
pressure and humidity may be considered constant. In the 
case of air, which is compressible by pressure and expansible 
by heat, the density varies greatly with the pressure; and a 
change in the temperature has a most important influence. 
The effect of increased density, which may be produced by 
the pressure, is to decrease the ideal velocity-head. An 
opposite influence is exerted by the temperature, for by an 
increase in temperature the density is decreased. The velocity 
being dependent solely upon the ideal head, it is of the utmost 
importance that comparisons be reduced to the same condi- 
tions of pressure, temperature, and density. 

If the pressure is to be expressed in ounces per square 
inch, which is readily reducible to inches of water, the formula 



V = y/2^ 



when applied under the conditions of — 

^ = acceleration due to gravity = 32.16, 

/ = pressure in ounces per square inch, 

d = density or weight of one cubic foot of dry air at 50® tem- 
perature, and under atmospheric pressure = 0.077884 
pounds. 
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becomes 



V = W 64. 



3,X ^^li^ 



16 X 0.077884 X ^^ ^ ^ 



235 

In this form it is evident that the density varies with the 
pressure, for p being expressed in ounces, and the atmos- 
pheric pressure of 14.69 pounds being equivalent to 235 
ounces, the density which exists at any given pressure / is 

235 +/ 
0.077884 X l^^^ 

The formula reduces to 






/ X 9 23s 

32 X /^^^Xo. X ^^ 



0.077884^ 235+/ 



1746659 X/ 
235+/ * 

The formula, when the pressure is expressed in inches of 
water, and allowance is made for the increased density of the 
air due to the pressure, takes the form 



^ = \/- 



746659 X h 
406.7+ A 

Both fo*'muIde thus take into account the compression of 
the air due to its pressure, but make no allowance for change 
of temperature during discharge. 

In the accompanying Table No. 91 the effect of this com* 
pression of the air due to the pressure is taken into account, 
but no allowance is made for change of temperature during 
discharge. The air is assumed to be dry and of 50** F. tem- 
perature. 

The work theoretically required to move air, as expressed 
in foot-pounds, is measured by the product of the distance 
moved and the total resistance which is overcome. In prac- 
tice there are usually frictional losses which considerably 
increase this theoretical result. 



DRAFT. 



20S 



Table No. 91. 

velocity created when air under a given pressure in inches 
of water is allowed to escape into the atmosphere. 





Velocity of Dry Air at 5o<» 




Velocity of Dry Air at 50* 




Temperature Escaping into the 




Temperature Escaping into the 




Atmosphere through any 
Shaped Orifice in anv Pipe or 
Reservoir in which the Civen 




Atmosphere through any 
Shaped Orifice in any Pipe or 


Pressure in 


Pressure in 


Inches of 


Inches of 


Reservoir in which the given 


Water, per 


Pressure is Maintained. 


Water, per 


Pressure is Maintained. 


Square 




Square 
Inch. 




Inch. 










N 


In Feet 


In Feet 




In Feet 


In Feet 




per Second. 


per Minute. 




per Second. 


per Minute. 


O.I 


20.72 


1243 -3 


2.6 


105.33 


6320.0 


0.2 


29.30 


1758.0 


2.7 


107.33 


6439.7 


0.3 


35.84 


2150.4 


2.8 


109.28 


6557-0 


0.4 


41.43 


2485.6 


2.9 


III. 21 


6672.3 


0.5 


46.31 


2778.7 


3.0 


1x3-09 


6785.5 


0.6 


50.73 


3043-5 


3-1 


"4.95 


6896.8 


0.7 


54-78 


3287.0 


3.2 


H6.77 


7006.3 


0.8 


58.56 


3513-5 


3-3 


1X8.57 


71x4.1 


0.9 


62.10 


3726.1 


3.4 


120.34 


7220. 2 


I.O 


65.45 


3927.2 


3-5 


122.08 


7324.7 


I.I 


68.64 


4118.4 


3.6 


123.80 


7427.7 


1.2 


71.68 


4301.0 


3.7 


125.49 


7529.3 


1.3 


74.60 


4476.1 


3.8 


127.16 


7629.4 


1.4 


77.41 


4644.5 


3.9 


128.80 


7728.2 


1.5 


80.12 


4806.9 


4.0 


130.43 


7825.7 


1.6 


82.73 


4963.9 


4.25 


134.40 


8064.1 


1.7 


85.27 


5116. I 


4-5 


X38.26 


8295.4 


1.8 


87.73 


5263.7 


4.75 


142.00 


8520.1 


1.9 


90.12 


5407.3 


5.0 


X45.65 


8738.8 


2.0 


92.45 


5547.1 


5.25 


149.20 


8951.8 


2.1 


94.72 


5683.4 


5.5 


152.66 


9159-7 


2.2 


96.94 


5816.5 


5.75 


156.05 


9362.8 


2.3 


99.11 


5946.4 


6.0 


159.35 


9561.2 


2.4 


101.23 


6073.6 


6.25 


X62.59 


9755-4 


2.5 


103.30 


6198. I 


6.50 


165 . 76 


9945.8 



Measurement of Draft.-— Draft is usually measured by 
the difference in level of a liquid in the arms of a tube of U 
form having one end open to the atmosphere and the other 
connected with the enclosed space within which a different 
pressure exists. The preponderance of pressure in one arm 
forces the liquid downward and causes a corresponding rise in 
the otherr The difference in level represents the height of a 
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column of the liquid which will be sustained by the excess of 
pressure. For large pressure-differences, mercury is used 
because of the relatively small range which, owing to its great 
density, is required to show great differences in pressure. 
Water, however, is ordinarily employed in the measurement 

Table No. 92. 

pressures in ounces per square inch corresponding to 
various heads of water in inches. 



Head 








Decimal Parts of an 


Inch. 








in 






















Inches. 


.o 


.1 


.a 


•3 


.4 


.5 


.6 


.7 


.8 


.9 


O 




0.06 


0.12 


0.17 


023 


0.29 


0.35 


0.40 


0.46 


0.52 


I 


0.58 


0.63 


0.69 


0.75 


0.81 


0.87 


0.93 


0.98 


1.04 


1.09 


2 


1. 16 


1. 21 


1.27 


1.33 


1.39 


1-44 


1.50 


1.56 


1.62 


1.67 


3 


1-73 


1.79 


1.85 


1. 91 


1.96 


2.02 


2.08 


2.14 


2.19 


2.25 


4 


2.31 


2.37 


2.42 


2.48 


2.54 


2 60 


2.66 


2.72 


2.77 


2.83 


5 


2.89 


2.94 


3.00 


3.06 


3.12 


3.18 


3-24 


3-29 


3.35 


3.41 


6 


3.47 


3-52 


358 


3-64 


3.70 


3-75 


3.81 


3.87 


3.92 


3.98 


7 


4.04 


4.10 


4.16 


4.22 


4.28 


4-33 


4.39 


4.45 


4.50 


4.56 


8 


4.62 


4.67 


4-73 


4-79 


4.85 


4-91 


4-97 


5-03 


5.08 


5.14 


9 


5.20 


5.26 


5.31 


5.37 


5.42 


5.48 


5.54 


5.60 


5.66 


5.72 

1 



Table No. 93. 

height of water-column in inches corresponding to various 

pressures in ounces per square inch. 



Pres- 
sure in 
Ounces 


Decimal Parts of an Ounce. 


per 

Square 

Inch. 


.0 


.X 


.3 


.3 


•4 


.5 


.6 

1.04 

2.77 
4.50 

6.23 

7.96 
9.69 

11.43 

13.15 
14.88 

16.62 


•7 


.8 


.9 




I 
2 

3 
4 

5 

6 

7 
8 

9 


1.73 
3-46 

5.19 
6.92 

8.65 

10.38 
12. II 

13.84 

15.57 


0.17 
1.90 

3.63 

5.36 
7.09 

8.82 

10.55 
12.28 

14.01 
15.74 


0.35 
2.08 

3.81 

5.54 
7.27 
9.00 

10.73 
12.46 

14.19 
15.92 


0.52 
2.25 
3.98 

5-71 
7.44 
9.17 

10.90 
12.63 

14.36 
16.09 


0.69 
2.42 

4.15 

5.88 
7.61 

9-34 

11.07 
12.80 

1453 
16.26 


0.87 
2.60 

4-33 

6.06 

7.79 
9.52 

11.26 

12.97 
14.71 
16.45 


1. 21 

2.94 
4-67 

6.40 
8.13 
9.86 

11.60 
13-32 
15.05 
16.79 


1.38 

3. II 
4.84 

6.57 
8.30 

10.03 

11-77 

13-49 
15*22 

16.96 


1.56 
3.29 
5.01 

6.75 

8.48 

10.21 

11-95 
13.67 

15.40 

17.14 
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of draft in connection with steam-boilers. One cubic foot 
(1728 cubic inches) of water at 50°, the temperature at which 
the preceding table has been calculated, weighs 62.409 
pounds ; therefore a column of water of this temperature 1728 
inches high and i square inch cross-sectional area would exert 
a pressure of 62.409 pounds per square inch, and a pressure 
of I pound per square inch would be exerted by a column 

-r- = 27.7 inches high. From this it is readily deduced 

62,409 ' ' ^ 

that an ounce pressure per square inch is produced by a water- 
column 1.73 inches high, and that i inch head of water is 
equivalent to a pressure of 0.578 ounces per square inch. 
Table No. 92 serves to show these relations for 
different heights of water-column. Table No. 93 
indicates the height of water-column corresponding 
to any given pressure in ounces per square inch. 

A simple form of U-tube draft-gauge is shown 
in Fig. 13. The scale is laid out so as to indicate 
total differences in level, for which purpose it is 
necessary to have the water stand at exactly zero 
in both tubes when they are open to the atmos- 
phere. For reading other pressures, a rubber tube 
may be slipped over the end of the left-hand tube 
and connected to the space within which the pres- 
sure is to be determined, 

A somewhat unique and exceedingly compact 
form of gauge, acting upon this principle, may be ' 
constructed by making the glass tubes of consider- 
ably different diameters and inserting one within ^ 
the other. The lower end of the outer tube should 
be permanently closed, and the inner tube held Watbr- 
rigidly in position, with its lower end just out of gauge. 
contact with the bottom of the outer tube. If connection be 
made to the top of the inner tube, the change in level may be 
clearly seen in the outer tube, upon the surface of which the 
graduations may be placed. 



206 



STEAM-BOILER PRACTICE. 



Gauges of the form and construction just described serve 
all ordinary purposes, but lack the refinement necessary to 
the determination of very small differences of pressure. For 
this purpose special devices are necessary. One of these is 
shown in Fig. 14. This embodies the principle of the U tube; 




FiQ. 14. — Hook Draft 



but the level of the water is very closely ascertained by the 
aid of a hook-gauge. As is evident in the illustration, this 
instrument consists, in effect, of two tubes of relatively large 
diameter made in one casting. The tubes communicate near 
the bottom through an opening whereby a constant level of the 
water within them may be maintained so long as they are both 
exposed to the same pressure. The hook having been set so 
that its point is just at the surface of the water, and the 
micrometer-reading having been taken, connection may be 
made to the air-cock at the left, and the hook again adjusted 
at the new level. The micrometer-screw, with its graduated 
head, makes the reading of pressure-differences to -j-W of an 
inch a comparatively simple matter. 

Evidently, such a gauge gives only relative readings, but 
may be so graduated as to indicate the total difference in 
water-levels. These two readings, the difference between 
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which gives the pressure in inches of water, render it unneces- 
sary to bring the water to any stated level under atmospheric 
pressure. 

An extremely delicate but easily read draft-gauge is that 
described by Weisbach, under the name of the Wollaston 
Anemometer, and perfected by Hoadley 
and Prentiss.* As constructed and used 
by them, it consists of two glass tubes 
(Fig. 15) about 30 inches long and about 
0.4 inches diameter inside, connected at 
each end, by means of stuffing-boxes, to 
suitable tubular attachments, through 
which they are secured to a backing of 
wood. A stop-cock in each of these attach- 
ments serves to establish or shut off com- 
munication between the glass tubes. 
Connecting with the top of each is a brass 
drum 4.25 inches in diameter, with heads 
of glass. Each drum is provided with a 
nipple and stop-cock for connection by 
tube to any desired space. Two sliding 
scales are provided between the glass tubes. 
to measure, one the depressions, and the 
other the elevations, of the liquid lilting 
the lower half of the tubes. 

The lower stop being open, the two 
tubes are filled up to about the middle of 
their heights with a mixture of alcohol and 
water. The lower stop-cock is then closed, 
the upper one opened, and crude olive-oil 
is carefully poured in until it fills the first 
tube up to the upper cross-tube, whence it Wollaston 
flows into the second tube, and so finally Anemometer. 
fills both tubes and rises to the middle of both drums. 

The oil forms, with the water-and-alcohol mixture, a very 




" Warm-blasl Sleam- boiler Fui 



J. C. Hoadley. 
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fine meniscus, which is readily discernible because of the 
contrast in colors. The specific gravity of oil should differ 
from that of the mixture by at least i per cent to avoid the 
tendency to mix. For most purposes, a difference of 2 per 
cent in the specific gravity will give sufficient sensitiveness — 
fifty times as much as a water-column. 

This instrument, with the respective specific gravities of 
0,976 and 0.937, was sensitive enough, as applied by Hoad- 
ley, to show plainly the reduction of chimney-draft caused 
by opening a sliding register in the fire-door for the admission 
of air above the Bre, although the aggregate area of the open- 
ing was only six square inches. 

All of the gauges which have been described are designed 
only for independent observations, so that an approach to a 
continuous record can only be secured by a multitude of read- 
ings taken at very short intervals. The impracticability of 
such a method points to the advantages of an instrument 
which by its own operation records the changes in the inten- 
sity of the draft. Such is the draft-recorder shown in Fig. 
16. This instrument consists of two essential parts. First, 




Fia. 16. — Draft-recordek. 



the cylindrical chamber in which is contained a rubber dia- 
phragm which moves under the influence of the draft. The 
motion of this diaphragm is, like that of a steam-engine indi- 
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cator, multiplied by the attached arm, which carries at its end 
a reservoir containing ink. The second essential portion is 
the dial or chart, which is usually graduated so as to indicate 
the pressure or vacuum in inches of water. This chart, which 
is of paper, is held in place upon a circular plate which is 
caused to revolve by a system of clockwork. The point of 
the ink reservoir, being kept elastically in contact with the 
revolving dial, continuously records all variations in the draft. 

In measuring the pressure exerted by moving air, both 
the velocity-head and the pressure-head have to be taken into 
account. To separate these two factors of the total head, a 
form of Pitot's tube may be em- 
ployed, as illustrated in Fig. 17, 
where it is applied in connection 
with a pipe, through the side of 
which it is inserted. The tube 
A is open at the end and con- 
nects by rubber tubing with one 
arm of an ordinarj' U-tube water- 
gauge. The other tube, B, is 
closed upon the end, but has in 
its opposite sides two small 
holes, and is connected to the 1 
other arm of the gauge. Tube i 
A receives the full effect of the \ 
current of moving air, and thus 
tends to indicate upon the gauge 
the total head, including both Fig- 17— Pitot's Tubb. 

the velocity-head and the pressure- head. But the influence 
of the velocity is practically removed from B, which, there- 
fore, receives only the pressure due to the. pressure-head. 
As this tube is connected to the other arm of the gauge, the 
pressure thus indicated is only that due to the velocity-head; 
for, both arms being subject to the pressure-head, these 
pressures are balanced. 

At high pressures even this device is not altogether relia- 
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ble, for the air moving by the openings in tube B has an 
aspirating influence which may tend to produce a partial 
vacuum in this tube. It is, therefore, necessary, before 
making final measurements, to determine by independent 
readings whether this is the case, and to what extent. 

Conditions of Boiler-draft. — In boiler-practice the force 
of the draft must be expended in two ways. First, a portion 
of it is necessary to overcome the resistances of the grate and 
the fuel upon it, of the combustion-chamber, flues or tubes, 
and uptake, and of the means of connection to the source of 
draft, be it fan or chimney. Within the chimney or fan 
certain other resistances must also be overcome. Second, the 
draft must in addition be sufficient to impart the necessary 
velocity to the requisite amount of air for the direct purposes 
of combustion. The velocity thus produced varies directly 
as the square root of the intensity of the draft, and conse- 
quently the volume at constant temperature likewise varies in 
the same ratio. The force expended in overcoming the 
resistances is directly proportional to the pressure, — that is, 
to the square of the velocity, — while the work done in moving 
the air, being the resultant of a given pressure exerted through 
a given distance, which is measured by the velocity, becomes 
proportional to the product of these factors; namely, to the 
cube of the velocity. Therefore, if under stated conditions 
the resistance be increased, as by a thicker fire or finer coal, 
the intensity of draft required for overcoming this resistance 
must also be increased. If, however, the prior conditions 
were such that the maximum intensity of draft attainable was 
already devoted to the requirements of combustion, any 
demand for increased draft to overcome the greater resistance 
could only be met by reducing the amount of that portion 
previously devoted to the creation of velocity. Biit a slight 
reduction in the velocity considerably decreases the expendi- 
ture necessary for overcoming the resistance. The ultimate 
result, however, is that the expenditure for overcoming resist- 
ance is increased, while the velocity and consequent volume 



DRAFT, 211 

of air are decreased. But both of these changes are propor- 
tionately less than would at first appear. The reason is evident 
in the fact that, whereas the resistances which are overcome 
are directly proportional to the pressure or draft exerted, the 
velocity is decreased only in proportion to the square root of 
the draft, which is thus diverted from its service of producing 
velocity to that of overcoming the added resistance. 

In all boiler- practice the most important of the resistances 
to be overcome are those of the tubes and of the grate with 
the fuel upon it, while the expenditure for the production of 
velocity is comparatively small. A careful study of these 
resistances is, therefore, of importance in a thorough consid- 
eration of the practical conditions of draft production. 

Gale* found, in the case of an ordinary stationary boiler- 
furnace, the following pressures in pounds per square foot : 

Required to produce entrance-velocity (3.6 feet per second) 0.013 

Required to overcome resistance of fire-grate 0.91 

Required to overcome resistance of combustion chamber and boiler- 
tubes 1 . 23 

Required to overcome resistance in horizontal flue 0.06 

Required to produce discharge-velocity (11. 2 feet per second) 0.085 

Total effective draft-pressure 2 . 298 

Back-pressure due to friction in stack o. 19 

Total static pressure produced by chimney 2.488 

This total pressure, given in pounds per square foot, is equi- 
valent to 0.28 ounces per square inch, or 0.48 inches of water. 

It is evident from this table that the greater part of the 
draft-pressure is, as already stated, necessary to overcome the 
resistances presented by the fuel and the boiler-tubes. In 
fact, Rankine asserts that the throttling action at the grate is 
ordinarily sufficient to cause a loss of head equal to about 
three-quarters of the whole draft of a chimney. As about 75 
per cent of this remaining fourth is necessary to balance the 
frictional resistances of the flues and the chimney, there re- 
mains only about one-sixteenth of the total head for the pro- 
duction of velocity. Galef cites an instance in which he found 

* '* Theory and Design of Chimneys." Horace B. Gale. Transactions 
American Society of Mechanical Engineers, vol. xi. 

f Transactions American Society of Mechanical Engineers, vol. xi. p. 777. 
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three-quarters of the whole draft of a chimney. As about 75 
per cent of this remaining fourth is necessary to balance the 
frictional resistances of the flues and the chimney, there 
remains only about one-sixteenth of the total head for the 
production of velocity. Gale * cites an instance in which he 
found that about 60 per cent of the entire head was lost by 
throttling at the grate, and only about 4 per cent of the total 
head was actually expended in accelerating the gases. In this 
case the height of the chimney was 92 feet, and the tempera- 
ture of the gases 609°. If the whole head had been employed 
in producing velocity of the gases, their velocity, as calculated 
by Gale, would have been about 78 feet per second. In 
reality the mean observed velocity was only 16 feet per 
second. 

Although the ultimate object of any means of draft pro- 
duction must necessarily be to create draft or velocity suffi- 
cient to provide the required amount of air and to carry off 
the gases, yet this portion of its work is almost infinitesimal 
as compared with the demand made for sufficient pressure to 
overcome the resistance of the fuel and the boiler. In other 
words, the ability to create sufficient pressure-difference is the 
primary requisite to burning a given quantity of fuel, rather 
than the ability to move a certain amount of air. Draft- 
producing apparatus is not, therefore, to be based merely 
upon the total number of cubic feet to be moved per hour, as 
determined by multiplying the coal-consumption by the allow- 
ance of air per pound of coal. If this were the case, a low 
chimney, or a large slow-running fan, would meet the require- 
ments. In reality, the relatively immense resistances of fuel 
and boiler demand that the chimney or fan shall first be 
designed to create sufficient intensity of draft to overcome 
these resistances and to create the requisite velocity. This 
velocity must be such that, if multiplied by the full area at 



* Transactions American Society of Mechanical Engineers, vol. xi. 
p. 777. 
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words, the ability to create sufficient pressure-difference is the 
primary requisite to burning a given quantity of fuel, rather 
than the ability to move a certain amount of air. Draft- 
producing apparatus is not, therefore, to be based merely 
upon the total number of cubic feet to be moved per hour, as 
determined by multiplying the coal-consumption by the allow- 
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ance of air per pound of coal. If this were the case, a low 
chimney, or a large slow-running fan, would meet the require- 
ments. In reality, the relatively immense resistances of fuel 
and boiler demand that the chimney or fan shall first be 
designed to create sufficient intensity of draft to overcome 
these resistances and to create the requisite velocity. This 
velocity must be such that, if multiplied by the full area at 
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which it is measured, the product will equal the volume of air 
necessary for the combustion of the stated amount of fuel. 
The height of chimney or the diameter and speed of fan 
necessary to create the draft thus shown to be required hav- 
ing been determined, it is only necessary to make the capacity 
such as to accommodate the given volume of air. 

Constant steam-pressure is one of the desirable elements 
in good boiler-practice, but with the varying conditions in the 
state of the fire and in the demand for steam this can only 
be maintained by continually adjusting the draft to meet these 
conditions. Figs. i8 and 19 serve to make this clear. The 
former is the reproduction of a steam-pressure chart, while 
the latter is from a coincident record of a draft-recorder con- 
nected to the same battery of boilers. In the former the 
pressure is almost constant, but it was so maintained by 
means of great and sudden changes in the draft, which was 
automatically regulated. 

Of course the velocity with which the air and gases pass 
from the ash-pit to the uptake changes greatly as they 
progress, owing to the variations in area and temperature. 
All of these changes play their part in affecting the draft 
required to secure the desired results. The conditions in 
practice are very clearly shown by Fig. 20, which represents 
in graphical form the relative areas, temperatures, volumes, 
and velocities, as determined in the case of one of the boilers 
of the International Navigation Company's steamship Berlin. 
This boiler was one of four connecting with the same stack. 
It was provided with the Ellis & Eaves system of preheating 
the air before admission to the ash-pit, and the necessary 
draft was produced by four special Sturtevant steam-fans, 
through which the gases were drawn and thence discharged 
into the funnel. The relative actual observed temperatures 
are indicated in diagram 2, together with a statement of the 
portion of the passage to which they pertain. The first 
diagram graphically represents the area existing at the various 
points, and the third indicates the corresponding absolute 
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temperatares. Taking the volume of air entering the heater* 
tubes as unity, the fourth diagram has been constructed^ 
showing the relative volumes to which the air would in each 
case be expanded by the existing temperature; while the fifth 
diagram, also calculated, indicates the velocities required to 
move the given volume through the given area. Both of 
these diagrams are purely theoretical; for they make no allow- 
ance for leakage or for increased volume due to the accession 
of the products of combustion. Diagrams 6 and 7, however,, 
present the conditions as actually observed, and when com- 
pared with diagrams 4 and 5 clearly show the effect of com- 
bustion and of the leakage, which, owing to existing condi- 
tions, was large. The area through the fuel and the factors 
depending upon it are only suggested by the dash and dot 
lines. 

Relation of Draft and Rate of Combustion. — It has been 
the usual practice, in the determination of the draft in con- 
nection with a given boiler, to ascertain only the total draft, 
as shown by the application of a gauge to the uptake^ 
chimney, or fan. From such readings it is manifestly unfair 
to draw conclusions as to the amount or intensity of draft to 
secure a given rate of combustion. For, first, the boiler 
resistances will, with the same boiler, remain practically con- 
stant, while the character of the fuel and the fire may vary 
greatly; and, second, with the same conditions as to fuel and 
combustion, a change in the type of boiler may increase or 
decrease the resistance due thereto. It is, therefore, evident 
that for comparison of combustion rates, the draft which 
should be determined is that relating solely to the supply of 
air to, and the overcoming of the resistances in, the fire. 
This draft is obviously the difference between the over- and 
under-grate pressures. 

Although it has already been shown that the efficiency of 
combustion may increase and the required air-supply decrease 
as the combustion rate rises, for the sake of simplicity in the 
matter of comparison the required air-supply per pound of 
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coal may here be taken as constant for all rates of combus- 
tion. The volume of air (for constant temperature) then 
becomes an index of its velocity, and varies as the square 
root of the effective pressure or draft. Conversely, the 
required draft will vary as the square of the rate of combus- 
tion. Of course, for the purpose of properly proportioning 
draft-producing apparatus, the resistances of all parts of the 
boiler, including the fuel upon the grate, should be ascertained 
for all ordinary coals, types of boiler, and conditions of draft. 
The difficulties in the way of obtaining such knowledge 
are evident. It is not easy to secure identical conditions of 
boiler and draft when testing different coals, and even with 
the same coal there may be variations in its size, in the 
manner in which it is fired, and in which the grates are kept 
clear of ashes, which very seriously affect the results. As 
indicative of the variation in draft-pressure required for differ- 
ent kinds of coal, rates, and stages of combustion, the results 
in Table No. 94 are presented. These are from a test* of a 

Table No. 94. 

DRAFT CONDITIONS WITH COXE STOKER. 



Items. 



Pressure in ienitine compartment. . . .in. of water 



<i 



Pressure in burninf? compartment 

Pressure in burning-down compartment** 
Pressure in burninff-out compartment.. " 

Pressure of blast of air, average 

Vacuum in furnace " 

Total furnace-draft.' ** 

Vacuum in stack-flue *' 

Total draft *' 

Pounds of dry coal per hour per sq. ft. of grate. . . . 



41 



4i 



ii 



Size of Coal. 



Buckwheat. 



0.14 
0.31 
0.24 
0.X7 
0.34 
o.io 

0.34 
0.13 

0.37 
1Q.8 



Buckwheat. 



0.25 
0.56 
0.49 
0.42 
0.43 
0.15 
0.58 
0.40 
0.83 
33-9 



Rice. 



0.44 
0.89 

0.73 
0.67 

0.68 

0.34 

o 93 

0.58 

X.36 

38.0 



Coxe Stoker applied to Babcock & Wilcox boilers. This 
stoker, which is of the travelling chain-grate type, with the 
fire upon its upper surface, is provided with four blast com- 



* '* Experiments with Automatic Mechanical Stokers." J. M. Whitham 
Transactions of American Society of Mechanical Engineers, vol. xvii. 
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partments under the fire. To each of these air is admitted in 
the desired proportion from a supply furnished by a fan. 

Whitham, in the same paper, also presents a table given 
here as Table No. 95, showing the relation of size of coal to 
results obtained with a Wilkinson stoker, from which the in- 
creased draft required by small sizes of coal is made evident. 
It is here that mechanical draft becomes most beneficial in 
making possible the combustion of low-grade (because finely 
divided) fuel. 

Table No. 95. 

relative rates of combustion of small sizes of anthracite 

COAL. 



Grade of Coal. 


Size of Coal (Round Holes, Punched Plates(. 


Relative Rates of 

Combustion for 

Same Draft. 


Pea 

Buckwheat 


Through } inch and over 9/16 inch 
Through 9/16 inch and over | inch 
Through f inch and over 3/16 inch 


100 

85 
70 


Rice 





The relation of the size of the coal to the intensity of the 
draft required for its combustion is most forcibly shown by 
the results determined by Coxe,* and here presented in Table 
No. 96. 

Table No. 96. 

RESULTS OF TESTS OF PEA AND BUCKWHEAT COAL. 



Kind of Coal. 


Rate of Com- 
bustion per 
Square Foot 
of Grate 
per Hour. 


Pounds of 
Water Evap- 
orated from 
and at aia® 
per Ib.of Coal. 


Air-pressure 

in Inches of 

Water. 


Maximum 

Limit to Size 

of Coal in 

Inches. 


Oneida oea coal 


13.63 
13.58 
11.40 

11.34 
9.44 


8.56 

7.94 
8.60 

8.65 

8.75 


0.375 
0.5 
0.625 
1.04 
1. 125 


9/16 

3/16 
3/16 


*' No. I buckwheat 

** No. 2 
" No. 3 
Eckley No. 3 *' 



* " Furnace for Burning Small Anthracite Coals." Eckley B. Coxe. 
Trans. Am Inst. Mining Engineers, vol. xxil. 
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It will be noted that the smallest coal requires over three 
times the draft to secure a combustion rate less than 70 per 
cent of that obtained with the largest size. 

Present methods of boiler-testing lack the refinements in 
ascertaining the draft-pressure at different points which are 
necessary to an intelligent comparison of results. This fact 
is emphasized by the results given in Table No. 97,* which 

Table No. 97. 

RELATION OF AIR-PRESSURE AND INDICATED HORSE-POWER PER 

SQUARE FOOT OF GRATE. 



Name of Ship. 



Orlando . . . 
Undaunted. 
Australia. . . 
Galatea. . .. 
Narcissus. . 
Immortality 



Mean Air-pressure 

in Fire*rooma. 

Inches. 



1.02 

1.87 

1.77 
1. 14 
1.02 
2.01 



Mean I. H. P. per 
Square Foot of 
Grate-surface. 



16.17 
16.17 

17.75 
18.50 

16.17 
17.93 



presents the observed conditions of draft and mean indicated 
horse-power per square foot of grate, in the trial tests of a 
number of steam vessels almost identical in their steam-power 
equipment. Draft was in each case produced by fans dis- 
charging into a closed fire-room. The fact that under similar 
conditions the fire-room pressures varied from 1.02 to 2.01 
inches is, at least, sufficient to emphasize the necessity of 
readings which indicate the effective pressure-differences 
between ash-pit and furnace-chamber. 

Under practically identical conditions of boiler, coal, and 
firing, there is still opportunity, particularly with mechanical 
draft, for divergence from any established relation, owing to 
a probable decrease in air-volume per pound of coal as the 
rate of combustion increases, and to a coincident increase in 

* "Artificial Draft and its Effects on Boiler-construction." E. Lechner. 
Translated by Asst. Engr. Emil Theiss, U. S. Navy. Journal of American 
Society of Naval Engineers^ Aug. , 1891. 
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the thickness of the fire. These tend, however, to counteract 
each other. A greater depth of fuel on the grates naturally 
indicates a proportionately greater resistance. But the rate 
of combustion always increases at a more rapid rate than the 
thickness of the fire; therefore, the pressure under which tlie 
greater volume of air would be supplied would also increase 
more rapidly than the thickness of the fire, and hence more 
readily tend to overcome this resistance. 

The combined effect of all the factors appears to be to 
bring the rate of combustion to substantially the theoretical 
basis first presented; viz., proportional to the square root of 
the effective pressure. Thus, for instance, two similar tests 
upon the same boiler in the works of the B. F. Sturtevant 
Co., Boston, Mass., gave results presented in Table No. 98. 
The square roots of the effective pressures in the two cases 
are, respectively, 0.705 and 0.542, which are in the ratio of 
I to o 769, while the rates of combustion are in the ratio of 
I to 0.767. 

Table No. 98. 

RELATION OF DRAFT AND RATE OF COMBUSTION. 



Designation 
of Test. 


Vacuum in 
Furnace. 

Inches. 


Vacuum in 
Ash-pit. 

Inches. 


Effective Pressure 

to Produce 

Combustion. 

Inches. 


Coal Burned per 

per Hour per 

Sq. Ft. of Grate. 

Pounds. 


A 
B 


0.640 
0.372 


0.144 
0.078 


0.496 
0.294 


21.45 
16.45 



The results of a series of tests of the locomotive-boiler of 
a torpedo boat, as presented by E. Lechner * in a discussion 
of this subject, are given in Table No. 99. Tests numbered 
I, 2, 3, and 4 were conducted upon the regular grate under 
artificial draft produced by a centrifugal fan in a closed fire- 



* *' Artificial Draft and its Effects on Boiler-construction.'* E. Lechner. 
Translated by Assistant Engineer Emil Theiss, U. S. Navy. Journal of 
American Society of Naval Engineers^ August, 1891. 
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room, while in tests numbered $, 6, and 7 the grate was 
reduced to one-half the area. In the first series of tests the 
air-supply per pound of coal was reasonable in quantity, but 
practically constant for different rates of combustion; while 
in the second series, owing to the existing circumstances, it 
was large in volume but decreased as the rate of combustion 
increased. 



Table No. 99. 

results of tests of locomotive-boiler on torpedo-boat 
with different rates of combustion. 



o 
V • 



I 

2 

3 

4 
5 
6 

7 



Grate- 
surface. 

Sq. Ft. 



20.44 



10.22 



Heatings 
surface. 

Sq. Ft. 



882.32 



882.32 



Ratio 

of 
Heating 
to Grate- 
surface. 



43.1 



86.2 



Gauge- 
pressure. 

Pounds per 
Sq. In. 



II3.6 



II3.6 



Air-pressure in Inches of Water. 



Fire-room, 



1.97 
2.95 
3-94 
5.90 

2.95 

5.90 
6.80 



Furnace. 


Chimney. 


1.57 


0.39 


2.36 


0.59 


3.15 


0.91 


4.53 


1. 18 


2.17 


0.39 


3.94 


I.OO 


4.53 


1. 18 






Coal per 


Water 


Water 


Tempera- 


Air 


Air per 


Mean 


«; . 


Hour per 


Evaporated 


Evaporated 


ture of 


Supplied 


Thickness 


la 


Sq. Foot 


per Hour 


per Pound 


Chimney- 


per 


Coal. 


of Fuel on 




of Grate. 


from 86*. 


of Coal. 


gases. 


Minute. 


Grates. 


Pounds. 


Pounds. 


Pounds. 


Degrees. 


Cubic Feet. 


Cubic Feet. 


Inches. 


I 


53.6 


437.8 


8.16 


518 


4II2 


225.2 


12.60 


2 


63.4 


517.5 


8.17 


608 


5365 


248.4 


13.40 


3 


76.4 


583.6 


7.64 


626 


6287 


241.6 


14.17 


4 


93-4 


649.8 


7.00 


716 


7092 


222.9 


15.35 


5 


66.7 


528.6 


7.93 


554 


5221 


459.6 


9.84 


6 


101.4 


710.0 


7.00 


608 


6831 


395.5 


11.82 


7 


113. 


770.2 


6.80 


698 


7092 


368.4 


13.78 



The relation existing between the rate of combustion and 
the square root of the corresponding pressure-difference is 
presented in Table No. 100. A comparison of columns 
4 and 5, or of columns 6 and 7, indicates that the rate of 
combustion advances in approximately the same proportion 
as the square root of the pressure-difference, taking each series 
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Table No. 100. 

relation of square root of pressure-difference to rate 

of combustion. 



ah 
2 


Difference 

of Pressure 

between 

Fire-room 

and 

Furnace. 

Inches. 


Square Root 

of Difference 

of Pressure 

between 

Fire-room 

and 
Furnace. 


Ratio of 

Square Roots 

01 Difference 

of Pressuxe 

referred to 

Test No. 1 

as Unity. 


Ratio of 

Square Roots 

of Difference 

of Pressnre, 

referred to 

Test No. s 

as Unity. 


Ratio of 
Correspond- 
ing Rate of 
Combustion, 
referred to 
Test No. I 
as Unity. 


Ratio of 
Correspond- 
ing Rate of 
Combustion, 
referred to 
Test No. 5 
as Unity. 


T 


0.40 

0.59 
0.79 
1.37 
0.78 
1.96 
2.27 


0.632 
0.768 
0.888 
1. 170 
0.883 
1.400 
1.507 


1. 00 
1. 21 
1.40 
1.85 




I.OO 
1. 18 
1.42 
1.74 




2 






3 

4 

5 
6 










I.OO 

1.59 
I.71 


I.OO 






1.52 
1.70 


7 











of tests by itself. An attempt to compare the second series 
with the first results in a series of values- which do not continue 
the ratio of the first series, but which, if multiplied by a con- 
stant quantity, may be brought into accord therewith. The 
approximate relation between rate and pressure is thus indi- 
cated, as well as the fact that a complete formula, which shall 
enable one to determine the pressure-difiference required for 
a given rate of combustion for any kind of fuel, must include 
a constant which shall apply only under the given conditions, 
and whose various values for all conditions can only be deter- 
mined by experiment. 

Such a formula would naturally take the form 



in which w 

A = 

A 
c 



pounds of coal burned ; 
= pressure in ash-pit ; 
pressure in furnace-chamber; 
constant dependent on type of boiler, kind of 
fuel, depth of fire, etc. 



But until the value of c is determined for all conditions, 
the formula must be limited in its apph'cation. In a word. 
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the relation between the effective pressures and different rates 
of combustion under the same conditions is substantially 
established. But the exact draft or pressure-difference 
required to maintain a given rate of combustion of a specific 
kind of coal in a particular type of boiler can only be approxi- 
mated in the present state of knowledge. 

The relation between the total draft and the rate of com- 
bustion, which is that usually indicated in the results of an 
ordinary test, is practically all that is at present available. 
But this relation is not of necessity the same as that between 
the effective pressure and the rate. In fact, the constant 
character of the resistances of the boiler proper and the 
variableness in those of the fuel with different rates cause this 
relation to depart somewhat from that holding in the case of 
the effective pressures. 

This is clearly indicated in the results of careful tests of 
Whitham,* in which the draft was taken at various points in 
the passage of the air and gases through the furnace and boiler 
when coal was being burned at different rates of combustion. 
The boiler was of the horizontal return tubular type, 60 inches 
diameter by 20 feet long, with 44 4-inch tubes. The grate 
was stationary, 5 feet by 5 feet 4 inches, with 46 per cent air- 
space, the ratio of heating-surface to grate-surface being 42.6. 
In certain tests the tubes were fitted with retarders made of 
strips of No. 10 iron 20 feet long, with a pitch of 10 feet. 
Cambria Company coal (run-of-mine, bituminous) was used. 
The recorded drafts and rates of combustion are given in 
Table No. loi. The results are also graphically presented in 
Fig. 21, in which " fair " lines are drawn through the various 
points plotted. There is also added a line based upon the 
relation already stated, — that the rate of combustion should 
vary as the square root of the effective draft. Taking the 
furnace draft as representative of this effective draft, and 



***The Eflfect of Retarders in Fire-tubes of Steam-boilers." J. M. 
Whitham. Transactions American Society of Mechanical Engineers, vol. 

XVII. 
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Table No. 101. 
relation of draft and rate of combustion. 



life 


^dI^' 


Rciiuance 


sj."r 


of Water. 


Tota 


Dr»f. In 


nches of W.iet. 


Pau under 


P.„r-,^ 


P»« 


NoR.. 


WithE* 


Top 
No*Re- 


With 


rm 








^,;/ 




















■ 




5 


0.04 


0.04 


0.00 


04 


0.08 


0.08 


a.fi 


0.13 


a 




0.05 




0.04 


0.16 


0.18 










0.07 


0.03 


0.05 






0.25 


0.28 


13 


0.17 


0.07 


0.04 


0,05 


0.24 




0.29 


0-33 






O.IO 




0.05 








0.37 


15 






0.03 


0.05 


0.31 


0.34 


0.36 


0.39 








0,03 


0.05 


0.33 


0-36 




0.41 


i8 


0.33 


0.13 


0.06 


0.05 


0,36 


0.42 


0.42 


0.48 


20 




0.16 


0.08 


0.06 




0.48 


0.46 






0.26 


0.18 




0.06 


0-44 


0.56 


0.50 




as 








0.06 




0.6S 




0.74 




0.29 


0.24 


0-27 


0.07 


0-53 






0.B7 






0.27 




0.07 


0.57 


0.38 


0.64 


0.95 


34 


0.32 


0.31 


0.38 




0.63 




0.71 




36 


0,33 


0.34 


0.40 








0.75 




40 


0.36 


0.33 


0.46 


0.08 


0.74 


' 


0.S2 


1.28 



'N 
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starting at a rate of 12 pounds as unity, the corresponding 
theoretical drafts have been calculated and plotted for other 
rates. These correspond with those for the furnace draft, 
except at very low rates of combustion, but diverge decidedly 
from the lines representative of other elements of the total 
draft. 

The total draft required for the efficient combustion of 
various kinds of fuels, as given by Hutton,* is presented in 
Table No. 102. Qf course this must be considered as apply- 

Table No. 102. 

TOTAL DRAFT REQUIRED FOR EFFICIENT COMBUSTION OF DIF- 
FERENT KINDS OF FUEL. 



Kind of Fuel. 



Straw 

Wood 

Sawdust 

Peat, light 

Peat, heavy 

Sawdust mixed with small 

coal 

Steam coal, round 

Slack, ordinary 



ToUl Draft 
in Inches 
of Water. 



0.20 
0.30 

0.35 
0.40 

0.50 

0.60 
0.4 too.7 
0.6 to 0.9 



Kind of Fuel. 



Total Draft 
in Inches 
of Water. 



Slack, very small 

Coal dust 

Semi-anthracite coal 

Mixtureof breeze and slack 

Anthracite, round 

Mixture of breeze and coal 

dust 

Anthracite slack 



0.7 to I.I 
0.8 to I.I 
0.9 to 1.2 
i.o to 1.3 
1.2 to 1.4 

1.2 to 1.5 

1.3 to 1.8 



ing only under ordinary conditions, and as approximate at the 
best, for he does not even give the rate of combustion. Still 
further discussion of this subject is presented in the succeed- 
ing chapter. 

Leakage of Air. — A fruitful source of poor draft and 
decreased efficiency lies in the leakage of air through boiler 
settings. The extent of such infiltration is frequently surpris- 
ing, being often so great that the flame of a match is drawn 
to and into the interstices of an 8-inch brick wall, not alone 
at fine visible cracks, but at mortar joints apparently sound. 
Evidently, the result of such leakage with suction draft is to 



* ** Steam-boiler Construction." Walter S. Hutton. 
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increase the volume of air to be handled and to decrease the 
temperature; thereby inevitably reducing the draft in the case 
of a chimney, but in the case of a fan of proper size for- 
tunately tending to increase the suction, unless the volume 
be in excess of the capacity of the fan. This results because, 
with a fan at constant speed, the intensity of the draft in- 
creases as the temperature of the gases passing through it is 
reduced. Coincident with the reduction of temperature is an 
increase in the weight of the gases — and hence of the admitted 
air — handled by the fan without change in speed. With 
forced draft beneath the grates the opposite tendency is 
noticeable, and a more or less direct loss of heat is the result. 
Under any condition the leakage naturally increases with the 
draft-pressure, no matter how produced, and under equal 
pressures is obviously no greater with mechanical than with 
chimney draft. 

An indication of the frequent amount of such leakage is 
shown in the results of the chemical analyses of samples of 
gas taken respectively from the back end of a boiler just 
before entering the tubes and from the uptake flue, as pre- 
sented in Table No. 103. These results are sufficient to show 
the important necessity of preventing such loss. 

Table No. 103. 

AIR-LEAKAGE THROUGH BOILER-SETTINGS. 



Conditions. 


Coal consumed per 

Square Foot of 

Grate per Hour. 

Pounds. 


Percentage of 
Air which leaked 

in between 
Back End and 
Uptake Flue. 


Middle boiler in operation, dampers on 

other two boilers closed and packed.... 

Conditions the same ..« 


21.45 
16.45 
15.09 


22.08 

27.59 
15.40 


Three boilers in ooeration 





The plant consisted of three boilers in one battery. In 
the first two tests an inward movement of air was perceptible 
at the doors of the outside boilers not in use, although the 
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uptake dampers had been very carefully packed. The 
decreased leakage in the third case is principally due to the 
reduction of the ratio between exposed surface of the setting 
and the volume of air passing through the uptake flue. The 
original introduction of sheet-metal stops in the setting of 
such boilers is a comparatively simple matter, and if carefully 
carried out practically prevents all leakage. The lack of such 
arrangements, however, tends, in many instances, to render 
misleading the results of tests in which allowance has not been 
made for the effects of the incidental leakage. 



CHAPTER IX. 



CHIMNEY DRAFT. 



Principles of Chimney Draft. — If two chimneys of iden- 
tical construction and dimensions be connected at the bottom 
by a passage of the same cross-sectional area, and one of them 
be provided at its base with a means of heating the air, a 
definite air movement will result as soon as heat is applied. 
The cold air in one chimney, being heavier than the heated 
air in the other, will constantly seek to secure equilibrium of 
weights and pressures by flowing downward to the base of the 
heated chimney. As a natural consequence, the heated air 
will be forced upward and the cold air which takes its place 
will, in turn, be heated and follow the same course. A con- 
tinuous flow will thus be maintained, its velocity and conse- 
quent volume being dependent upon the difference in density 
of the two columns of air; that is, upon the pressure differ- 
ence. Although the difference in density results from the 
application of heat, the air movement is purely mechanical in 
its character, and depends directly upon the action of gravity. 

The total difference in pressure upon the internal bases of 
the two chimneys is exactly equal to the difference in weight 
of the two columns of air within them. The relative differ- 
ence may be expressed in any convenient terms, as pounds 
per square foot, ounces per square inch, or by the height of a 
column of water, mercury, or other fluid necessary to balance 
this pressure. If a simple U-tube pressure-gauge be partly 

filled with water, one end connected to the base of the cold 
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chimney, and the other to the base of the hot chimney, the 
preponderance of weight of the air in the former will force the 
water downward in that arm of the tube and cause a corre- 
sponding rise in level in the other arm. The total difference 
in level may be read in inches of water and* then readily 
resolved into ounces per square inch, or pounds per square 
foot. 

Evidently, there being no difference between the character 
of the air in the cold chimney and that in the surrounding 
atmosphere, the same relative pressures will exist, and the 
same flow will continue if the cold chimney be removed and 
the air be allowed to directly enter the base of the hot 
chimney. Furthermore, the relative differences in the den- 
sity and pressure created, being measured respectively by unit 
volume and unit area, are independent of the cross-sectional 
area of the hot chimney. In other words, the pressure-differ- 
ence is dependent only upon the height of the chimney and 
the difference in density between the heated air within and 
the cold air without. The terms ** hot '* and ** cold " are, of 
course, only relative, for the draft is primarily dependent 
upon the actual temperature-difference. 

That changes in the temperature, either of the external 
atmosphere or the gases within the chimney, have a most 
marked influence upon the draft is very clearly shown by 
Table No. 104, in which the draft, as indicated in inches of 
water, is given for a chimney 100 feet high, with various 
internal and external temperatures. For any other height of 
chimney than 100 feet the height of the water column is 
directly proportional to that of the chimney. Hence, doubling 
the height doubles the draft. This is not to be confused with 
the fact that the velocity which the draft has the power to 
create and the corresponding volume of air moved vary as the 
square root of the height. This table clearly indicates the 
necessity of high chimney temperatures for ample draft, and 
readily accounts for the stronger draft which exists in cold 
weather because of the greater temperature-difference. 
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Table No. 104. 

height of water-column due to unbalanced pressures ik 

chimney loo feet high. 





Temperature of External Air. 






Temperature 
in Chimney. 






























• 






o» 
.453 


IO« 

.419 


ao« 
•384 


30- 
.353 


4o« 
.321 


5o« 
.292 


&>• 
.263 


70» 
.234 


8o<» 
.209 


90" 
.182 


lOO* 


200* 


.157 


220 


.488 


•453 


.419 


.388 


.355 


.326 


.298 


.269 


.244 


.217 


.192 


240 


.520 


.488 


.451 


.421 


.388 


•359 


.330 


.301 


.276 


.250 


.225 


260 


.555 


.528 


.484 


.453 


.420 


.392 


•363 


•334 


•309 


.282 


•257 


280 


.584 


•549 


.515 


.482 


•451 


.422 


•394 


.365 


.340 


•313 


.28S 


300 


.611 


.576 


•541 


.511 


.478 


.449 


.420 


•392 


.367 


•340 


.315 


320 


.637 


.603 


.568 


.538 


•505 


.476 


.447 


.419 


.394 


.367 


•342 


340 


.662 


.638 


•593 


.563 


•530 


.501 


.472 


.443 


.419 


.392 


•367 


360 


.687 


.653 


.618 


.588 


.555 


.526 


•497 


.468 


•444 


.417 


•392 


380 


.710 


.676 


.641 


.611 


.578 


.549 


.520 


• 492 


.467 


.440 


.415 


400 


.732 


.697 


.662 


.632 


.598 


•570 


•541 


.513 


.488 


.461 


•436 


420 


.753 


.718 


.684 


.653 


.620 


.591 


• 563 


•534 


.509 


.482 


.457 


440 


•774 


.739 


.705 


.674 


.641 


.612 


.584 


• 555 


•530 


.503 


•478 


460 


.793 


• 758 


.724 


.694 


.660 


.632 


.603 


•574 


•549 


.522 


•497 


480 


.810 


.776 


• 741 


.710 


.678 


.649 


.620 


.591 


.566 


•540 


.515 


500 


.829 


.791 


.760 


•730 


.697 


.669 


•639 


.610 


.586 


•559 


•534 



For a full comprehension and application of the principles 
of chimney draft it is necessary to consider them mathemati- 
cally. If A be the height of the chimney, d the density of the 
external air, and d^ that of the heated air, the pressure-differ- 
ence / for unit area may be expressed as 

p ^^ hd — kd^ •=. h {d — d^. 

The height of a column of external air which would pro- 
duce this pressure, acting simply by its weight, may be found 
by dividing the pressure by the density of the external air. 
Therefore, if H represents the height of such a column, the 
expression will be 

/ d-d. 



The theoretical velocity with which the external air would 
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enter the chimney, if no resistance existed, may be expressed 
by the equation 

V = V2gH\ 



=J^A^)-' 



in which v = velocity, in feet per second ; 

g = the acceleration due to gravity = 32.16; 
H = head, or distance fallen, in feet. 

The preceding deductions are based upon the assumption 
that there is no resistance to the movement of the air. Such 
a condition evidently cannot exist in the operation of the 
ordinary chimney. The motion of the gases creates a certain 
back pressure due to their friction on the inner surface of the 
chimney. This back pressure must be deducted from that 
due to the difference in density in order to ascertain the effect- 
ive pressure which may be applied to compel the air to pass 
through a boiler-furnace and up the chimney. 

The effective pressure which in any given case is necessary 
to overcome the frictional and other resistances of the air in 
its passage through the fuel, the boiler-tubes and other por- 
tions of the boiler, and impart to the gases the necessary 
velocity of entrance and exit, must depend upon the existing 
conditions of character of fuel, design and proportions of 
boiler, and other considerations which render exact determi- 
nation extremely difficult. 

Chimney Design. — From the preceding it is obvious that 
a chimney must be so designed as to create sufficient draft or 
pressure-difference to overcome all resistances, and in addition 
impart the necessary velocity to the required amount of air. 
The number of pounds of coal which can be burned in a given 
time on a given grate equals the weight of air forced through, 
divided by the number of pounds of air required for the com- 
bustion of a pound of coal under the given conditions. As 
already shown, this latter amount may vary all the way from 
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that theoretically necessary up to an amount lOO per cent or 
more in excess thereof. The weight of the air forced through 
in the given period of time is equal to the area through which 
it is admitted, multiplied by its velocity and by its density or 
weight per unit of volume. To impart this velocity, and also 
that through the furnace, boiler-tubes, smoke-flue, and 
chimney, there is necessary a pressure which may be approxi- 
mately ascertained by calculations based upon theoretical 
considerations. The additional pressure required to overcome 
the various resistances does not, however, admit of theo- 
retical determination, and can only be found by direct experi- 
ment, as has already been pointed out. These resistances 
are proportional to the square of the actual velocity, and 
depend upon the diameter and length of tubes, flues, and 
chimney, the thickness of the fuel and its state of division. 
It is, therefore, obvious that the proper design of a chimney 
to meet given conditions must be based upon the results of 
experiments under similar conditions. This fact readily 
accounts for the great divergence in the formulae which have 
been presented, and for the necessity of a series of constants 
practically determined for application under stated conditions. 
The earlier formulae deduced by P^clet, Rankine, Morin, 
and Weisbach have until recently been generally accepted, but 
the theory upon which they are based has of late been the 
object of considerable criticism. P^clet represented the law 
of draft by the formula 

2g\ in' 

in which A = " head " or height of hot gases which, if added 

to the column of gases in the chimney, would 
produce the same pressure at the furnace as 
a column of outside air, of the same area of 
base, and height equal to that of the 
chimney; 
u = required velocity of gases in chimney; 
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G^ = a constant to represent resistance to the passage 

of air through the coal ; 
/ = length of the flues and chimney; 

m = mean hydraulic depth, or the area of cross-sec- 
tion divided by the perimeter; 

/= a constant depending upon the nature of the 
surfaces over which the gases pass, whether 
smooth, or sooty and rough. 

Rankine's and the other formulae are somewhat similar in 
form. The impossibility of assigning proper values to the 
constants in these formulae has, up to the present time, pre- 
vented their practical application for chimney design, and 
resort has, as a consequence, been made in most cases to em- 
pirical methods. 

Based upon this theory, however, the usual formula for 
determining the number of pounds of coal which may be 
burned per hour, under the conditions of the draft which may 
be created by a given chimney, takes the simple and practical 
form of 

F= CA V77, 

in which F= number of pounds burned per hour; 
A = area of cross section of chimney ; 
H = height of chimney ; 

C = coefficient varying from 10 to 20, according to 
the conditions. 

As it stands, the formula implies that it is a matter of in- 
difiference in regard to the draft whether, for instance, — other 
things remaining the same, — a chimney is built 81 feet high 
and 2 feet square inside, or 16 feet high and 3 feet square 

inside; for in either case the product A ^H is the same. 
Common sense at once proves the impracticability of such a 
formula thus broadly applied. It is, therefore, usually quali- 
fied by limiting its application to cases when the total grate- 
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area is about eight times that of the chimney. But evidently 
such limitation is arbitrary, for this ratio of grate- to chimney- 
area is not constant for all plants. 

The empirical formulae of Kent,* which have been very 
generally adopted in the design of chimneys, are based upon 
the observed conditions in a large number of boiler-plants, 
and take the general primary form of 

0.06/^ 
A = — 7=- ; 

in which A = area of chimney ; 
A = height of chimney ; 
F= pounds of coal burned per hour. 

The basis data are : 

1. The draft power of the chimney varies as the square 
root of the height. 

2. The retarding of the ascending gases by friction may 
be considered as equivalent to a diminution of the area of the 
chimney, or to a lining of the chimney by a layer of gas which 
has no velocity. The thickness of this lining is assumed to 
be 2 inches for all chimneys, or the diminution of area equal 
to the perimeter multiplied by 2 inches (neglecting the over- 
lapping of the corners of the lining). For simplifying calcu- 
lation, the coefficient' is taken as the same for square and 
round chimneys, making the effective area E as exoressed by 
the equation, 

E = A-o.6VA; 

in which A = total area. 

3. The power varies directly as this effective area B. 

4. A chimney should be proportioned so as to be capable 



♦Transactions American Society of Mechanical Engineers, vol. vi.^ 
and *• Mechanical Engineers' Handbook," William Kent. 
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of giving sufficient draft to cause the boiler to develop much 
more than its rated power, in case of emergencies, or to cause 
the combustion of 5 pounds of fuel per rated horse-power of 
boiler per hour. 

5. The power of the chimney varying directly as the 
effective area E^ and as the square root of the height Hy the 
formula for horse-power of boiler for a given size chimney will 

take the form, H.P. = CEVH^ in which C is a constant. 
Adopting the general value for C of 3.33, as determined from 
the results of numerous examples in practice, the formula for 
horse-power becomes 

H.P. = 3.33(^ - .6 VA) VH\ 

from which the values of E and H may also be obtained. In 
proportioning chimneys by these formulae the height is gen- 
erally first assumed, with due consideration of the conditions, 
and then the area for the assumed height and horse-power is 
calculated. The results of calculation for all ordinary dimen- 
sions of chimney and ranges of power are presented in Table 
No. 105. 

The capacity in horse-power of a given chimney is in- 
versely proportional' to the amount of coal required per horse- 
power. Therefore, in large plants, where the economy of 
coal-consumption is high, the capacities given in the table will 
be proportionately increased. 

Gale,* having satisfied himself, both by experiment and 
mathematical analysis of the incorrectness of the common 
theory of chimney draft upon certain points, substitutes a 
theory in which the height is dependent upon the stack tem- 
perature and the rate of combustion, and whose practical 
application is based upon certain experimentally- determined 
constants. 

He divides the problem of chimney design into two parts: 

* ** Theory and Design of Chimneys." Horace B. Gale. Transactions 
American Society of Mechanical Engineers, vol, xi. 
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'* First, that of ascertaining the draft-pressure necessary to 
burn the desired quantity of fuel in the furnace; second, that 
of determining the dimensions of a chimney which will pro- 
duce the required draft at the least expense." The mean 
velocity, v^ with which the air enters the various openings to 
the furnace he shows to be equivalent to 



140400^ ' 



in which T^ = absolute temperature of outer air; 

B = number of pounds of air supplied per pound 

of fuel; 
F— number of pounds burned per hour; 
a = total area of openings through which air is 
admitted to the fire; 

when the relative density of the external air and the gases at 
the same temperature is in the proportion of 40 to 39. As 
the efifective pressure varies as the square root of the corre- 
sponding velocity, the actual pressure difference, or frictional 
resistance P, is expressed by 

P=Kv\ 

in which K = aggregate coefficient of resistance of fire-grate, 

bed of coals, combustion-chamber, boiler- 
tubes, flue, and chimney. 

Gale has, by somewhat limited experiments, established 
the value of jfiTas approximately 0.2 for average conditions, 
but this value varies greatly in different cases. 

If in the expression P = Kv^ the value of v (already given) 
be substituted, the equation becomes 



=4t 



7\BF\ 
40400a' ' 
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\vhich indicates the reduction of pressure in pounds per square 
foot required at the bottom of the chimney which is to burn 
F pounds of fuel per hour, in a furnace having an area for air 
admission a (in square feet), and a coefficient of resistance AT, 
allowing B pounds of air per pound of fuel. 

The chimney-height, H^ to produce this draft-pressure is 
shown to be 



H "^^ 






^' 533 ^3^x5000/ 



in which 7", = absolute temperature of chimney-gases; 
M =- inside perimeter of chimney, in feet; 
A = area of cross-section of chimney, in square feet ; 

and the other designations remain as in the preceding formulae. 

In this formula allowance is made for difference in density 
of external air and chimney-gases, and in the form of cross- 
section. The temperature of the external air is assumed at 
59°, and the most economical proportions of a chimney taken 
to be such that its cost is proportional to the \ power of the 
area multiplied by the | power of the height. 

From the last formula is ultimately derived the expression 

A = 0.07/^* 

as an approximate formula for determining the most economi- 
cal area for a chimney which is to burn F pounds of coal per 
hour. For chimneys of ordinary proportions the sectional 
area in square feet should by this formula be approximately 
equal to the number of pounds of fuel to be burned per 
minute. 

For those cases in which the temperature of the chimney- 
gases is between 150° and 600** the formula for height may 
be reduced to 



H 



KIFV 
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in which / = common temperature of chimney-gases above 
the zero of the Fahrenheit thermometer. 

This formula may be still further simplified by adopting a 
value for a equal to one third of the grate-area, making 
AT =0.2, and letting G represent the area of the grate in 
square feet, whereby 

In this formula the height of chimney is proportional to 
the square of the rate of combustion per square foot of grate 
divided by the common temperature of the chimney-gas. It 
is to be considered, however, as only a rough approximation. 
The value of K above must of necessity be largely affected 
by the character of the fuel, and further experiment is neces- 
sary to determine its value under given conditions. 

The difficulties in the way of a purely theoretical consid- 
eration of the subject of chimney-draft have been pointedly 
considered by Kent,* who concludes with these words: ** In 
the present state of our knowledge I do not think any satis- 
factory theory of chimneys can be framed which will include 
a consideration of all the different variables that affect the 
rate of combustion, and from which a formula can be derived 
that will prove of value in practice. . . . The best chimney 
formula that can be obtained at present is an empirical one, 
which may be modified or divided into two or more to meet 
different practical conditions, as new data are obtained from 
experiment.** 

The preceding discussion is sufficient to show the differ- 
ence in formulae and results, but is evidence that they would 
be in substantial accord if the constants could be based upon 
sufficiently exhaustive tests on the amount of grate, fuel, and 
boiler resistances under all conditions of practice and qualities, 
kinds, and conditions of fuel. 



* Transactions American Society of Mechanical Engineers, vol. xi. p, 
995. 
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Evidently, the latter factor, that of the fuel, as has already 
been shown in the discussion of draft, is the most important 
of all, and any formula which does not make proper allowance 
for variation in it is liable to give uncertain results. Kent's 
constant is based upon an assumption of fair practice, which 
reduces to 15 pounds of coal consumed per square foot of 
grate per hour, under the draft created by a chimney 80 feet 
high. But the character of the coal is not specified. 

Trowbridge,* basing his calculation on somewhat different 
data, determined the average rates of combustion for various 
heights of chimney, as here presented in Table No. 106. 
The air-supply per pound of fuel was assumed at 250 cubic 
feet for all rates, and no attempt was made to indicate the 

Table No. 106. 
height of chimney to produce certain rate of combustion. 



Height of Chimney 
in Feet. 


Pounds of Coal Burned 

per Hour per Square Foot 

of Cross-section of Chimney. 


Pounds of Coal Burned per Hour 

per Square Foot of Grate, the 

Ratio of Grate to Cross-section 

of Chimney being 8 to i. 




20 


60 


7.5 






25 


68 


8.5 






30 


76 


9.5 






35 


84 


10.5 






40 


93 


II. 6 






45 


99 


12.4 






50 


105 


13. 1 






55 


III 


13.8 






60 


116 


14.5 






65 


121 


15. 1 






70 


126 


15.8 






75 


131 


16.4 






80 


135 


16.9 






85 


139 


17.4 






90 


144 


18.0 






95 


. 148 


18.5 






100 


152 


19.0 






105 


156 


19-5 






no 


160 


20.0 




1 



* ** Heat and Heat-enginei." W. P. Trowbridge. 
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kind of fuel or the effect of any change in its character. It 
will be noticed that this table gives a rate of 16.9 pounds for 
an 80-foot chimney, as compared with Kent's figure of 15 
pounds. 

Thurston * gives this rough rule for the case of anthracite 
coal: ** Subtract I from twice the square root of the height, 
and the result is the rate of combustion." This also gives 
the rate for an 80- foot chimney as 16.9. 

As changes in the character of the fuel are likely to be 
made at any time in the life of a boiler-plant, it is obvious 
that the chimney-height, which is a measure of the draft- 
pressure, should be made sufficient to meet all requirements. 
How much effect the kind of fuel may have upon the height 
of chimney necessary for its combustion is evidenced in the 
results of extensive tests with telescopic stacks by de Kinder. 
He found that, for substantially equivalent results, the height 
for free-burning bituminous coals should be 75 feet, for slow- 
burning bituminous 115 feet, and for fine anthracite coals 125 
to 150 feet. 

These results point most clearly to the necessity, as 
already stated, of first determining the height of the chimney 
necessary to burn a given kind of fuel at a stated rate per 
square foot of grate, and then making it of sufficient area to 
burn the requisite amount. Evidently, in the light of common 
experience, as plainly shown by de Kinder's tests, the first 
cost and the fixed charge for the necessary chimney will vary 
with the kind of coal used. The existing relation may be 
approximately illustrated by a consideration of Table No. 
105. It is there indicated that 245 horse-power of boilers 
may be served either by a chimney 90 feet high and 42 inches 
in diameter, or by one 125 feet high and 39 inches in 
diameter. Such differences are well within the limits for 
different kinds of coal, as given above. If, then, in one case 
the coal can be burned with the draft produced by a 90-foot 



* " Manual of Steam-boilers.*' R. H. Thurston. 



242 STEAM-BOILER PRACTICE. 

chimney, while in another a different kind of coal requires a 
chimney 125 feet high, the difference in the cost of the two 
chimneys must enter as an important item in the question of 
ultimate economy. 

Upon the basis established by Gale, and previously 
referred to, the cost of a chimney is nearly proportional to 
the \ power of its area multiplied by the f power of the 
height. As the area is proportional to the square of the 
diameter, the relative costs in the case of these chimneys 
become — 

Cost of 90-foot chimney = 42* X 90^ = 10,316. 
Cost of 125-foot chimney = 39' X 125* = 16,072. 

That is, the chimney would cost about $6 per cent more in 
one case than in the other to secure the same result in boiler- 
power. 

As regards the capacity of a chimney of a given height, 
which is directly dependent upon its area, it is necessary to 
make it originally sufficient for all future probabilities. If 
this capacity be made too great for present conditions, it 
becomes necessary to reduce the volume by means of dampers. 
But by no means, in the case of a chimney, can the draft 
itself, as measured by pressure-difference and power to over- 
come resistances, be increased above that normally due to its 
height with given temperature conditions. 

Thus, for instance, if with a given chimney the grate-area 
be reduced and the rate of combustion proportionally in- 
creased so as to maintain the same total consumption, the 
resistances will be increased because of thicker fires and 
decreased free area through them. To overcome these resist- 
ances there is demanded greater draft ; but as the draft of a 
chimney is absolutely limited by its height, any further ex- 
penditure of its draft for this purpose must by just so much 
reduce the portion of its draft available for producing the 
requisite air-flow. If the chimney be large for the boiler- 
plant, and if under the lower combustion-rate it be necessary 
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to operate it with practically closed dampers, there may be 
sufficient reserve to meet the requirements. But under ordi- 
nary conditions the chimney has but little power to respond 
to such requirements, or even to a material increase of the 
rate, of combustion upon the regular grates. That is, its 
ability and capacity are distinctly limited, and to provide 
against contingencies it is usually necessary to build and pay 
the fixed charges on a structure more expensive than is regu . 
larly required. 

Efficiency of Chimneys. — The chimney as a means of 
creating a movement of air depends upon the heating of that 
air; although, as shown, its actual movement is to be consid- 
ered upon purely mechanical grounds. The heat thus em- 
ployed is, however, absolutely wasted, so far as its utilization 
for any other purpose is concerned. Any attempt to extract 
more of the heat from the gases as they escape from the boiler 
must result in a reduction of the draft. This inherent loiis is, 
therefore, always chargeable to any plant in which the draft 
is produced by a chimney, and possibilities in the way of in- 
creased economy must relate only to other losses so long as a 
given chimney is retained. 

The percentage of the total calorific value of coal which is 
carried off by the products of combustion, and therefore 
available only for the production of draft, has already been 
presented in Table No. 47 for different degrees of excess of 
air and of temperature above the atmosphere. As there 
shown, this loss actually amounts to 19 per cent when the 
gases are at 500° and the excess of air is 100 per cent. 
Evidently such a great loss as is thus possible should require 
energetic effort to secure its reduction by a more economical 
substitute for the chimney. 

Of course the weight of air moved by means of a chimney 
of given height must depend upon its area. As heat is the 
means by which this air-movement is brought about, the 
efficiency of the chimney must be measured by the amount of 
heat expended for this purpose. Heat being transformable 
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into work, the efficiency is, therefore, to be measured by the 
number of foot-pounds of work represented by the pressure- 
difference exerted through the distance represented by the 
height of the column of cold air necessary to produce the 
given pressure, as compared with the number of foot-pounds 
represented by the total amount of heat expended. 

Suppose, for the purposes of illustration, a chimney lOO 
feet high, having a cross-sectional area of lO square feet, the 
atmospheric temperature at 62°, and the temperature of the 
chimney-gases at 500**; and further, for simplicity, assume 
that no work is lost in friction and that heated air is substi- 
tuted for the hot gases, for their density and specific heat are 
approximately the same. Under these conditions the density 
d at 62° will be 0.0761 pounds per cubic foot, and the density 
d\ 0.0414 at 500°. Therefore, by the formula previously 
given, the pressure-difference with the chimney 100 feet high 
will be 

pz=k{d-^ d') 
= 100(0.0761 — 0.0414) 
= 3.47 pounds per square foot. 

This makes the total pressure-difference 3.47 X 10 = 34.7 
pounds over the entire area of the chimney. 

The height of a column of external air which will produce 
the above pressure per square foot is 



H 



/0.0761 — o.04i4\ 

= lool — -? ] 

\ 0.0761 / 

= 45.6 feet. 

The velocity of the air entering the base of the chimney under 
this head is 



z; = ^2gH= ^64.32 X 45-6 

= 54.2 feet per second; 
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and its weight per second, 

Weight = 54.2 X 10 X 0.0761 = 41.25 pounds. 

The movement of this air is the result of heating it from 62° 
to 500°; that is, through 500 — 62 = 438''. As the specific 
heat of air under constant pressure is 0.2375, the total heat 
expended per second in moving 41.25 pounds is ? 

Heat expended = 41.25 X 438 X 0.2375 

= 4291.0 B. T. U. 

As one heat-unit is equivalent to 778 foot-pounds of work, 
the work equivalent to the total amount of heat expended, 
and which goes to waste without performing useful work in 
heating the water, is ? 

Work equivalent of heat =4291.0 X 778 

= 3>338>398 foot-pounds. 

But the work actually done is the result of overcoming a total 
pressure of 34.7 pounds through a distance of 54.2 feet; that 
is, 

Work actually done = 34.7 X 54.2 = 1880.7 foot-pounds. 

Therefore, the efficiency of the chimney is ? 

. 1880.7 

^^'^'"'^ = 1?J8^ = 0.000563. 

That is, less than six ten-thousandths of the heat expended 
is represented by the work done. In practice the resistance 
of the chimney, the cooling of the gases in their passage up 
it, and other causes combine to decrease even this extremely 
low efficiency. 

If in the place of the chimney there be substituted a fan 
of proper size, arranged to be driven by a direct-connected 
engine, the efficiency with which it would move the above- 
stated volume of air under the given conditions, but without 
the chimney, may be calculated with reasonable accuracy. 
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Evidently the efficiency of a fan thus apph'ed is the resultant 
of the efficiencies of the steam-boiler, the engine, and the 
fan, together with the loss by friction in the apparatus. If 
the combined efficiency of the boiler and engine be taken as 
one tenth, the efficiency of the fan at the low value of only 
five tenths, and the loss from friction as two tenths, or the 
efficiency as regards friction eight tenths, the resulting effi- 
ciency of the system will be — 

Efficiency = 0.1 X 0.5 X 0.8 = 0.04. 

That is, of the work done, or its equivalent in heat-units ex- 
pended to produce a given result, one twenty-fifth is actually 
applied for that purpose; the remainder is lost in the pro- 
cesses of transformation and transmission and in friction. This 
efficiency, which allows for loss by friction, as was not the 
case with the chimney, is 

0.04 

= 71.05 



0.000563 



times greater than that of the chimney. 

It may be shown that the relative efficiency of a fan and 
a chimney is dependent upon the height of the chimney and 
not upon the difference in temperature, and that it varies in- 
versely as the height of the chimney. Thus in the case of a 
chimney 75 feet high the fan would, upon the same basis as 
above, have an actual efficiency of 

100 X 71-05 

— j^ — = 94.7 

times greater than the theoretical efficiency of the chimney, 
while at 200 feet high the fan would still have 35.5 times 
higher efficiency; but this improvement in favor of the 
chimney would be largely offset by its proportionally greater 
cost as compared with a fan. 



CHAPTER X. 
MECHANICAL DRAFT. 

Definition. — In its simplicity of construction and opera- 
tion is to be found the reason for the continued employment 
of the chimney as a means of draft-production notwithstand- 
ing the excessive wastefulness of the method. But the in- 
tensity of interest in the more economical generation of steam 
is forcing to the front other devices by means of which the 
quantitative and commercial efficiency of the boiler may be 
increased. Among them is machanical draft. 

Artificial draft, as distinguished from so-called natural 
draft, may be produced by means of steam-jets inducing a 
flow of air, by blowing-engines, by air-compressors, by posi- 
tive rotary blowers, and by fan-blowers or exhausters. 
Although the practical success of the locomotive is largely due 
to Stephenson's introduction of the steam-nozzle for draft- 
production, it does not follow that the same method is appli- 
cable where the exhaust steam would not otherwise be wasted. 
The blowing-engine, the air-compressor, and the rotary posi- 
tive blast-blower all possess disadvantages which render 
undesirable their adoption for this purpose. This narrows 
the field down to the steam-jet and the centrifugal fan-blower 
or exhauster. 

Steam-jets. — The steam-jet as a means of inducing a flow 
of air is usually constructed upon the injector principle. It 
has been applied in the chimney for inducing the air-move- 
ment through the fuel, as well as in the ash-pit for forcing 
therein a volume of air which is caused to pass upward 
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through the fuel. In connection with the latter arrangement, 
steam-jets have often been introduced to also deliver air above 
the fuel, frequently ia the form of a number^of finely divided 
streams designed to mix intimately with the gases arising from 
the fuel-bed. 

The introduction of steam in conjunction with the air, 
which results from the use of the steam-jet, is often asserted 
to assist in keeping a fire free and open, particularly in the 
case of fine anthracite fuels. But, in so far as steam for this 
purpose may be necessary, it can be as well introduced in con- 
nection with a fan. Consequently, the merits of the steam- 
jet, as compared with a fan, must rest solely upon the relative 
efficiency with which a given amount of air is supplied; or, 
as more simply measured, by the proportion which the steam 
required to operate the steam-jet or fan bears to the total 
steam produced by the boiler in connection with which it 
operates. In either case the percentage of steam thus used 
is largely dependent upon the size of the plant, being greatest 
with the smallest plant. 

Careful experiments, conducted at the New York Navy 
Yard,* to determine the best form of steam-jet for producing 
forced draft in launch-boilers, served to show the inefficiency 
of such devices for this purpose. The results of five series of 
tests are presented in Table No. 107. A different form of 
jet, indicated by a designating letter, was used in each case; 
its supply of steam being taken from a boiler separate from 
that to which the jet was applied. The percentages of steam 
are such — the maximum being 21.2 per cent — as to make the 
adoption of a steam-jet out of the question when any other 
means of draft-production can be employed. In jet C, which 
had a hole only one-sixteenth inch in diameter, and which 
was the most economical of all, the steam used was one pound 
in two minutes. 



* Annual Report of the Chief of the Bureau of Steam-engineering, 
U. S. Navy, 1890. 
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RESULTS OF EXPERIMENTS UPON STEAM-JETS AT NEW YORK NAVY 

YARD. 



Items. 


Pounds of Water Evaporated per Hour. 




A 


B 


C 


D 


E 


Tn hnilf»r malfiriD^ stf am ................ 


463.8 
97-5 


580.0 
120.0^ 


361.25 
30.00 


528.5 
63.2 


545.00 
76.25 


Tn hoiler sunnlvino'' stea-m-iet. 




Per cent of steam made as used in steam- 
iet 


21.20 


20.70 


8.30 


12.00 


14.00 


j^** 



The case of the steam-jet may be briefly summarized thus: 
It has the advantage of costing very little to put in and keep 
in repair. Its disadvantages are: first, it requires a very 
large amount of steam to run it; second, it introduces a large 
amount of water or steam, all of which has to be heated and 
carried up chimney; third, unless very carefully managed 
there is a large development of carbonic oxide, hydrogen, and 
marsh-gas, due to dissociation of the water, which has a ten- 
dency to carry off a great deal of heat in the stack; fourth, 
the intensity of draft producible by this means is distinctly 
limited; and fifths the noise incident to its use is at times 
excessive. 

Fans. — Two types of fans exist. The first, known as the 
disk or prop.eller-wheel, is constructed on the order of the 
screw-propeller, and moves the air in lines parallel to its axis, 
the blades acting upon the principle of the Inclined plane. 
The second, or fan-blower proper, consists in its simplest form 
of a number of blades extending radially from the axis and 
presenting practically flat surfaces to the air as they revolve. 
By the action of the wheel the air is drawn in axially at the 
centre and delivered from the tips of the blades in a tangen- 
tial direction. This type may be simply designated as the 
centrifugal fan, or, more properly, as the peripheral-discharge 
fan. 
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The propeller, or disk fan, which is available for ventilat- 
ing purposes when it acts against slight resistances, is practi- 
cally useless as a means of draft-production. The desired 
results can only be secured by the use of the peripheral- dis- 
charge type, which for this purpose is usually enclosed in a 
case of such shape as to provide free movement for the air as 
it escapes at the periphery, and an outlet through which it is 
all delivered. 

The amount of steam required by a fan-blower employed 
for producing draft is, under ordinary conditions, from a frac- 
tion of I per cent of the total capacity of the boilers to which 
it is applied, up to a possible maximum of 3 or 4 per cent in 
small boiler-plants or with uneconomical apparatus; and prac- 
tically the whole of this expenditure of power, in the form of 
exhaust-steam, may be subsequently utilized for heating or 
similar purposes. The results of the full-power forced-draft 
contract trials of eight vessels of the U. S. Navy show that 
about 0.75 per cent of the mean indicated horse-power of all 
the machinery was required to operate the blowers. From 
the necessities of such work the fans are operated at high 
pressures and consequently require a proportionately large 
amount of power for their operation. 

The comparative effect of the steam-jet and the fan-blower 
upon the composition of the chimney-gases is well shown by 
a test by Coxe* upon two adjoining sets of boilers using the 
same fuel and fired by the same men, as presented in Table 
No. 108. A was fitted with a steam-jet, and B with a fan- 
blower and Coxe stoker. The losses indicated by the exces- 
sive presence of carbonic oxide (CO), hydrogen (H), and 
marsh-gas (CH,) are noticeable in the case of the steam-jet. 

The relative merits of the fan and the jet are thus 
expressed by Coxe: *' The fan is more expensive to install 
and may cost more to keep in order, but where the arrange- 



* "Some Thoughts upon the Economical Production of Steam," etc. 
Eckley B. Coxe. Transactions New England Cotton Manufacturers* 
Association, 1895. 
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Table No. 108. 
comparative gas-analysis with steam-jet and fan-blower, 



Designa* 


Conditions. 


Constituents. 


tion. 


O 


CO 


CO, 


H 


CH4 


A 


With steam-iet 


0.30 
1.70 


• 

13-15 

0.40 


8.20 

16.80 


11.08 


2.00 


B 


With fan-blower 













ments can be made to utilize the heat in the stack-gases it is 
more economical so far as heat-units used are concerned. It 
has one great advantage, — it is possible to at all times obtain 
the exact blast necessary to produce the best results in the 
furnace, which is very important. 

Design of Fans. — In operation, the peripheral-discharge 
fan sets in motion the air within it, which, acting by centrifu- 
gal force, is delivered tangentially at the outer circumference 
of the wheel. Air rushes in at the axial inlet to fill the space 
between the blades, in which there is, by the centrifugal 
action, a tendency to form a vacuum. The degree of this 
vacuum is dependent upon the circumferential speed of the 
wheel; and the velocity of the air discharged, through an 
outlet of proper size, is substantially equal thereto. 

It has already been shown that a certain ideal head is 
necessary to produce a given velocity. This head, which may 

be expressed in terms of the pressure and density, as A = ~, 

is usually designated as the ** head due to the velocity." 

The pressure, of which this head is one of the factors, is 
understood to be that existing in an enclosed space from 
which the air escapes at a velocity expressed by the formula 

V = V2p = \J 2gt. But the pressure which this stream 6f 

moving air may exert upon any external surface with which 
it comes in contact may be different from that which existed 
in the reservoir and produced the given velocity. This 
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external pressure is due to the impact and reaction of the air, 
and for a given velocity depends in quantity upon the size 
and form of the surface and the angle of incidence. Theo-. 
retically, if the density is considered constant, this pressure, 
in the case of a stream striking a plane surface at right angles, 
will be double that which produced the velocity; or, more 
clearly stated, in its relation to water, the reaction of such 
a stream is equal to the weight of a column of water whose 
cross-section is that of the stream and whose height is double 
that (2A) due to the velocity. If the plane surface be of 
proper dimensions and surrounded by a raised border, to pre- 
vent the ready escape of the water, the theoretical pressure, 
will be four times the head due to the velocity. Other shapes. 
will give other values. With air, its lack of viscosity and the. 
partial vacuum formed on the back side of the plate influence 
the actual results. 

In the attempt to force air at a given velocity through a 
given pipe, it is the province of the fan-wheel, if employed 
therefor, to create within the fan-case a total pressure above 
the atmosphere which shall be sufficient to produce the 
velocity and also overcome the resistances of the case and the 
pipe. If, however, the pipe be removed and the fan be 
allowed to discharge the air through a short and properly 
shaped outlet, the pressure necessary will, with an efficient 
fan, be substantially that which is required to produce the 
velocity. 

The velocity of the fan- tips or circumference of the fan- 
wheel which is necessary to produce a given velocity of flow 
through a properly shaped outlet within the capacity of the 
fan is substantially equal to that velocity of flo\y. If, there- 
fore, the peripheral velocity of a fan be known, the resulting 
pressure for the production of velocity through an outlet of 
proper size and shape may be calculated by the formula last 
given. 

From this basis formula it is evident that the pressure 
created by a given fan varies as the square of its speed. Tha 
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volume of air delivered is, however, practically constant per 
revolution, and therefore is directly proportional to the speed 
of the fan. 

The work done by a fan in moving air is represented by 
the distance through which the total pressure is exerted in a 
given time* As ordinarily expressed in foot-pounds, the 
work per second is, therefore, the product of the velocity of 
the air in feet per second, the pressure in pounds per square 
foot, and the effective area in square feet over which the 
pressure is exerted. If W^ represents the work done,/ the 
pressure, a the area, and v the velocity, the expression for 
the work becomes 

W = pav. 
But it has previously been shown that 



V = \J2gt, 



hence 

Therefore, the value of W becomes 

dav^ 
2^ 

from which it is evident that the work done varies as the cube 
of the velocity ; that is, as the cube of the revolutions of the 
fan. The reason is evident in the fact that the pressure 
increases as the square of the velocity, while the velocity itself 
coincidently increases; hence the product of these two factors 
of the power required is indicated by the cube of the velocity. 
As one horse-power is equivalent to 33,000 foot-pounds 
of work per minute, the horse-power for a given area of dis- 
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charge in square inches, when the value of ^ is taken as 32.2, 
may be expressed by 



H.P. = 



6odav^ 



144 X 33000 X 64.4 
dav* 



5100480* 

Under no conditions can any device move air with the 
small proportionate expenditure of power indicated by this 
formula; for this value does not include the losses due to 
frictional resistances of the machine itself and of the air in its 
movement through the machine and connecting outlet or pipe. 
Evidently these must vary with the conditions. 

As the weight of the air is dependent upon its temperature 
and the barometric and hygrometric conditions, it is evident 
that the pressure exerted and the power required by a given 
fan may vary greatly even at constant speed. Under ordi- 
nary conditions, however, changes in the height of the 
barometer and the humidity of the atmosphere have no appre- 
ciable effect upon the pressure and power. But the density 
varies inversely as the absolute temperature, and, therefore, 
should enter as a factor even in calculations with reference to 
air at or about ordinary atmospheric temperatures, and must 
be taken into account when heated air or gases are handled. 

By means of the curves in Fig. 22 are graphically illus- 
trated the theoretical relations between the revolutions at 
which a fan is run and the volume which is discharged, the 
pressure which is created, and the horse-power which is 
required. 

In selecting a fan, the facts presented in Fig. 22 should 
be borne in mind. It appears to be so simple to secure in- 
creased volume by running a given fan at higher speed that 
the influence upon the power required is frequently over- 
looked. If the necessary amount of power is actually fur- 
nished, its expenditure will entail great loss in efficiency as 
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compared with that required to operate a fan properly pro- 
portioned to the work. 

In the design of a fan-wheel to meet given requirements 
it is necessary to make its peripheral speed such as to create 
the desired pressure, and then so proportion its width as to 
provide for the required air-volume. In practice the actual 
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amount of air delivered is largely dependent upon the fact of 
the wheel being encased, the character and dimensions of the 
case, and the size and resistances of the passages through 
which the air is conducted. The equivalent of such resistances 
is in boiler-practice usually represented by the grates, the 
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fuel, tubes, etc., and may evidently be so great at times as to 
very seriously reduce the theoretical air-discharge of the fan. 

It has been determined experimentally that a peripheral- 
discharge fan, if enclosed in a case, has the ability, if driven 
to a certain speed, to maintain the pressure corresponding to 
its tip velocity over an effective area which is usually 
denominated the ** square inches of blast." This area is the 
limit of its capacity to maintain the given pressure. If it be 
increased the pressure will be reduced, but if decreased the 
pressure will remain the same. As fan-housings are usually 
constructed, this area is considerably less than that of either 
the regular inlet or outlet. As a consequence, the pressure 
is lower and the volume discharged is somewhat greater with 
the regular outlet than would result through an outlet having 
the square inches of blast for its area. But the maximum 
pressure may be realized when the sum of the resistances is 
equivalent to a reduction of effective outlet area to that of 
square inches of blast. 

Both the volume and the power required will evidently 
increase with the area of the outlet, being greater with the 
normal outlet than with one representing the capacity area. 
But this increase will not be proportional to the area, for the 
pressure and consequently the velocity will be lower with the 
larger area. The greatest delivery of air and the largest con- 
sumption of power will occur when the casing is entirely 
removed and the fan left free to discharge entirely around its 
periphery. 

If volume alone, regardless of pressure, is the requisite, 
the larger the fan, the less the power required. If possible, 
a fan should never be made so small that it is necessary to run 
it above the required pressure in order to deliver the neces- 
sary volume. To double the volume under such circumstances 
requires eight times the power; three times the volume 
demands twenty-seven times the power. 

When a fan is employed for exhausting hot air or gases, 
the speed required to maintain a given pressure difference is 
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Table No. 109. 

relation of volume, weight, and pressure of air and speed 
and power of a fan with air at mffebent tempera- 
TURES. 
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evidently greater than that necessary when cold air is handled, 
the difference being due to, and inversely proportional to, the 
absolute temperature. 

As it is the province of a fan to operate at certain veloci- 
ties in order to produce desired pressures, it is manifest that 
the temperature of the air^ as an influence upon its density, 
must always be taken into consideration. 

Table No. 109 serves to simplify calculation. The tem- 
peratures in the table are given in degrees Fahrenheit above 
zero. These results are also graphically presented in Fig. 
23, the curves representing the values in the columns as des- 
ignated in the table. 

The basis upon which the various relations have been cal- 
culated is as follows, the atmospheric temperature being taken 
at 50° F. and absolute zero at 461^ below zero F. : 

Column 2. The volume of the same weight of air is 
directly proportional to its absolute temperature. 

Column 3. The weight of the same volume of air is in- 
versely proportional to its absolute temperature. 

Column 4. The speed of the same fan necessary to handle 
the same weight of air is directly proportional to its absolute 
temperature. 

Column 5. The pressure-difference due to the speed of 
the same fan necessary to handle the same weight of air is 
directly proportional to the square of the speed and inversely 
proportional to the absolute temperature of the air. 

Column 6. The pressure-difference due to the same speed 
of fan handling the same volume of air is inversely propor- 
tional to its absolute temperature. 

Column 7. The speed necessary to produce the same pres- 
sure-difference is directly proportional to the square root of 
the absolute temperature. 

Column 8. The power required for the same speed and 
volume is inversely proportional to the absolute temperature. 

Column 9. The power required to operate the same fan at 
the speed necessary to handle the same weight of air is 
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directly proportional to the cube of the speed and inversely 
proportional to the absolute temperature. 

Column 10. The power necessary to handle the same 
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weight of air at the same pressure-difference by means of a 
properly proportioned fan is directly proportional to the speed 
and to the area required for the passage of the given weight 
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corresponding to the speed. That is, it is directly propor* 
tional to the absolute temperature. 

The conditions indicated in column lo are substantially 
those usually presented in induced-draft practice, wherein it 
is generally necessary to move the same weight of air under 
the same pressure, but at a higher temperature than would be 
required, in the case of air handled for forced draft. From 
column 4 it is evident that if with the same fan it be 
attempted to handle the same weight at increased tempera- 
ture, the speed must also be increased; and it is further 
shown, per column 9, that the power required under these 
circumstances rises very rapidly with the temperatures. But 
a fan so designed as to move the same weight without exceed- 
ing the pressure created at the lower pressure will require far 
less power. 

Thus suppose that a fan is to be designed to handle air or 
gases (they both being here considered, for simplicity, as of 
the same specific gravity) at a temperature of 300°. At this 
temperature the speed necessary to maintain the same pres- 
sure is relatively 1.22, per column 7. But through a unit 
area of opening, such as would represent the capacity area of 
a proper fan for the lower temperature, the actual weight 
moved would be the product of the velocity and the density; 
that is, only 1.22 X 0.67 = 0.82 at 300°. In order to main- 
tain the weight at unity, the area of discharge for the given 

velocity must therefore be increased until it becomes —^ = 

0.82 

1.22. So that the power actually expended in moving the 
same weight with a properly designed fan would for the same 
pressure be, at 300'', the combined product of the unit pres- 
sure, the area, and the velocity; that is, I X 1.22 X 1.22 = 
1.49 times that required for a fan properly designed to main- 
tain the same pressure and handle the weight of air at 50°. 

If the same diameter of fan be employed under each con- 
dition, and the greater volume, in the case of the higher tem- 
perature, be provided for by widening the fan, the power 
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required per revolution will be in the relation of i at 50° to 

1.22 at 300° temperature. For, as already shown, the total 

power required at the latter temperature is 1.49, while the 

speed is 1.22, both relatively to the conditions at 50°; hence 

1.49 
the power per revolution is = 1.22. From this it is 

evident that if in each case the fan be driven by a direct-con- 
nected engine, whose revolutions of necessity correspond to 
those of the fan with which it operates in unison, the engine 
will require additional piston-area, or mean effective pressure, 
to the extent of only 22 per cent. 

From Table No. 109 it is evident that, if a fan be designed 
to handle a given weight and corresponding volume of air at 
50° under a given pressure and with the expenditure of a 
given amount of power, the following conditions will hold, if 
the temperature of the air be raised to 300°, for instance. If 
the same weight is to be handled, the same fan will (per 
column 4) have to be run at 1.49 times the speed. At this 
speed the pressure-difference produced will (per column 5) be 
1.49 times, and the power expended (per column 9) 2.22 
times, that under the first condition. For the same speed 
and volume the weight handled will (per column 3) be 0.67, 
the pressure (per column 6) 0.67, and the power (per column 8) 
0.67 of that at a temperature of 50°; and to produce the same 
pressure-difference the fan will have to run (per column 7) at 
1.22 times the speed required at 50°. From this it is further 
evident that in the attempt to handle, with a given fan, the 
same weight of air at a higher temperature it is necessary to 
increase the speed above that required to produce the same 
pressure-difference; and that the power expended is corre- 
spondingly and unnecessarily increased. 

It is, therefore, obvious that the fan should be designed 
to meet the specific conditions. Thus a properly proportioned 
fan will produce the same pressure and handle the same weight 
of air at 300° with 1.49 times the power (per column 10) 
required to obtain the same results with the air at 50°; that 
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1.40 

is, with —— = 0.67 = only 67 per cent of that which would 

^ t^ ^ 

have been necessary had the same fan designed for 50^ been 
used in both cases. 

These are purely theoretical relations, but they hold sub- 
stantially under practical conditions. The leakage of air 
through boiler-settings and the decrease of efficiency through 
losses in power-transmission, although they affect, yet do not 
properly enter into, these relations, but must be provided for 
by additional capacity in fan and engine. Similarly, the in- 
crease of volume due to the products of combustion may be 
provided for. 

Methods of Application. — The methods of application of 
mechanical draft may be broadly classified under two heads, 
— the plenum and the vacuum methods. Although both 
were experimented upon by Stevens in 1827 and in the suc- 
ceeding years, yet the former remained for a long period 
practically the only form in which mechanical draft was 
applied. As the term implies, the air under the plenum 
method is forced through the fire; that is, the pressure main- 
tained below the fire is greater than that of the atmosphere; 
hence the general term ** forced ** draft. 

Under the plenum method the air may be supplied in 
either of two ways. First, by making the ash-pit practically 
air-tight, and then forcing into it the air in sufficient quantity 
and under the requisite pressure. Evidently, the only escape 
for the air being through the fuel, it must all be utilized for 
the purposes of combustion. Second, by making the fire* 
room itself practically air-tight and maintaining therein the 
required air-pressure by means of a fan of sufficient capacity 
to constantly make good the amount of air which under pres- 
sure passes to the ash-pits and thence through the fuel. 

Under the vacuum method there is practically only one 
means of application, — that by the introduction of an ex- 
hausting-fan in the place of a chimney. This is commonly 
known as the ** induced " or '* suction " method. The fan 
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thus serves to maintain the vacuum which would exist if a 
chimney were employed, and its capacity can be made such 
as to handle the gases which result from the processes of 
combustion. A short and comparatively light stack usually 
serves to carry these gases sufficiently high to permit of their 
harmless escape to the atmosphere. 

Closed Ash-pit System. — This system was naturally first 
applied because of its ready adaptability to existing condi- 
tions. And for the same reason it has, to a great extent, been 
the system introduced wherever, in an existing plant, it has 
been desired to burn a cheaper grade of fuel or to add to the 
steaming capacity. As most simply applied for stationary- 
boiler work, the air has been introduced in the side of the 
ash-pit setting through a pipe from the fan. There is a ten- 
dency, however, with such a simple arrangement, to fail to 
properly distribute the air in the ash-pit. The result of 
unequal distribution, as may occur with improper introduction 
of the air, is a tendency to blow holes through the fire and 
overheat the grate-bars wherever the draft is concentrated. 
Of course, the more intense the draft the greater this ten- 
dency. This may readily be overcome by properly deflecting 
the air by means of an ash-pit damper, so as to insure its thor- 
ough distribution throughout the ash-pit before it rises to the 
grate. Such a damper may be placed either in the bottom of 
the ash-pit and arranged to receive its air from an underground 
duct in front of the boilers; or it may be located in the front 
of the bridge- wall, with the hinge of the door or damper 
above, so as to deflect the air downward when it is opened. 
In either case the damper can be readily operated by a rod 
from the boiler-front. This arrangement necessitates keeping 
the ash-pit doors closed. 

It is evident that for equivalent results it is only necessary 
for a fan to maintain in the ash-pit an excess of pressure 
which is equal to the lack of pressure or vacuum which would 
be produced by a chimney. But in practice the fan generally 
maintains a greater pressure-difference. The conditions of 



264 STEAM'BOILER PRACTICE. 

draft-pressure and the results obtained in connection with 
certain special devices have already been presented in Tables 
Nos. 41, 56, and 96. 

In marine boilers with internal fire-boxes such arrange- 
ments as have just been described are usually inadmissible. 
There is, however, a method of introduction through the 
back end of the ash-pit, the air being conducted thereto from 
the back of the boiler by means of a passage specially pro- 
vided and extending through the water-back and combustion- 
chamber. Ordinarily, however, the air is admitted through 
the ash-pit doors or the openings provided for them. This 
necessitates a removable arrangement so that the ash-pits may 
be cleaned. 

The pressure within the ash-pit and the furnace-chamber 
causes all leakage to be outward. The tendency is, therefore, 
to blow the ashes out of the ash-pit and the flame, smoke, 
and fuel out of the fire doors, but with slight effect in the case 
of stationary boilers at moderate rates of combustion. In the 
marine service, in order to avoid inconvenience from this 
source, boilers are frequently fitted with false fronts, within 
which the air-pressure is maintained. By a proper arrange- 
ment of double doors and dampers the disadvantage and 
danger from flame are completely overcome. The mere 
arrangement of dampers so connected to the doors that they 
close when the fire-doors are opened is of great advantage. 
The false front further presents an excellent yet simple means 
of admitting air above the fuel, a feature which enters into 
most arrangements of this character. 

Although the closed fire-room system has been far more 
extensively applied in the naval marine than has the closed 
ash-pit system, it has been due largely to the existing condi- 
tions; and there can be no doubt that of the two the latter 
arrangement is more satisfactory when the conditions permit 
of its introduction. The absence of the protective deck, the 
possibility of open fire-rooms, and the greater space which is 
usually available generally make possible the closed ash-pit 
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system in the merchant marine, and thereby insure clean and 
comfortable fire-rooms. 

This method o{ application also presents an opportunity 
which it shares with the induced system for utilizing the heat 
of the waste gases, which cannot be attained with the closed 
fire-room system* 

Closed Fire-room System. — This system, in which a 
plenum condition is maintained in a practically air-tight fire- 
room, is evidently impracticable for general boiler-practice on 
land. Its existence is in fact largely due to the exigencies of 
modern naval warfare. 

In the case of the war-ship its maximum steaming capacity 
is seldom demanded, and then only for a comparatively short 
time, as during an engagement. Consequently mechanical 
draft, as applied to vessels of this class, is mainly auxiliary in 
its character, but nevertheless a practical necessity. By its 
employment it is possible to construct the machinery within 
the limits of space and weight which are sufficient for ordinary 
service, while the reserve of power is stored in the light fans 
and fittings, instead of in the cumbrous boilers and machinery. 

Under ordinary cruising conditions, when the stacks are 
of moderate height, the fans may not be required, but they 
must be of form, construction, and capacity sufficient to meet 
at an instant's notice the maximum demand that may be 
made upon them. For instance, a vessel of the cruiser type, 
which may be required in case of necessity to develop 90CX) 
to 10,000 horse-power, may at the usual cruising speed of 10 
or 12 knots require only 1500 to 2000 horse-power. 

The conditions are well exemplified in Table No. 1 10,* 
which presents the results of a series of tests of U. S. S. 
Charleston at various rates of speed. The rapidly increasing 
horse-power with increased speed is to be noted, as is also the 
far more rapid increase in the power of the blowers, made 
necessary to meet the requirements. The relation between 

* Transactions Society of Naval Architects and Marine Engineers, 1893. 
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the actual efficiency, as shown in the coal per indicated 
horse-power and the knots per ton of coal$ is o{ interest as 
indicating the difficulties in the way o{ obtaining even a slight 
increase o{ speed when it is well up to the maximum. 



Table No. 110. 



RESULTS OF TESTS OF U. S. S. CHARLESTON. 



Items. 


Speed in Knots. 


«3 


M 


«5 


x6 


«7 


18 


T H. P.. main encrines 


2220 
2.2 

o.o 
4-34 


2820 
2.1 

2.5 
4.00 


3550 
2.0 
6.4 
3.68 


4370 

1.9 

17.6 

3.41 


5220 
2.1 

36.8 
2.84 


6120 


Coal per I. H. P. per hour 

T. H. P. of blowers 


2.5 
69.6 

2.22 


Knots speed per ton of coal 



Among the advantages of the closed fire-room system is 
that of preventing all escape of flame and smoke to the fire- 
room, the leakage being all inward to the fires. The objec- 
tion is frequently brought against this system that its use is 
injurious to the boilers, tending to cause leakage at the tube- 
plate when the doors are opened. This is generally considered 
to be due to the chilling action of the comparatively cold air> 
which thus rushes directly through the furnace-chamber to the 
tubes. The leakage which sometimes occurs appears to be 
due to the buckling of the tube-plate, whereby the joints 
between the tubes and tube-plate are opened up, as a result 
of the unequal contraction under the chilling effect of the air. 

The attempt has been to palliate rather than overcome this 
difficulty by the introduction of protecting ferrules at the 
tube-ends. This tendency to leakage under heavy air-pressure 
should not of necessity be charged against the method of pro- 
ducing the draft. ** Because,** as stated by an experienced 
marine-boiler builder,* ** a certain boiler does not stand a 

* " Boiler-construction Suitable for Withstanding the Strains of Forced 
Draft so far as it Affects the Leakage of Boiler-tubes." A. F. Yarrow* 
Transactions Institution of Naval Architects. London, 1891. 
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given air-pressure without the tubes leaking only proves that 
this air-pressure is too much for that boiler, but does not 
prove that this air-pressure is too much for every boiler, 
especially in face of the fact that locomotive-engines are 
working all over the world at air-pressures varying from 
3 inches to 8 inches." There can be no question that the 
problem, when fairly considered, can be solved so as to avoid 
any trouble from this source. It can to a great degree be 
overcome by an arrangement of dampers and fire-doors, such 
that the draft may be shut off while the doors are open. 

Induced System. — This system, whereby a partial vacuum 
is produced within the furnace, is substantially the same in its 
effect as a chimney, which it most closely imitates in its 
action. It possesses, however, not only greater intensity, but 
other advantages that do not pertain to the chimney. In 
fact, it is the most natural method of applying mechanical 
draft, there is no change in arrangement of the boilers from 
that which obtains when a chimney is used, and there can be 
no question as to its adaptability when consideration is given 
to the high pressure-differences and rates of combustion which 
are secured in a similar manner in locomotive-practice. Its 
leakage is always inward, avoiding inconvenience from flame 
and smoke at the fire-doors, which, however, is only liable to 
occur under heavy air-pressures and when proper damper 
arrangements are lacking. On shipboard it produces excel- 
lent ventilation with open fire-rooms, thereby reducing their 
temperature. It is cleanly, lends itself readily to control by 
the dampers which may be introduced for the purpose, and 
can, like forced draft, be rendered absolutely automatic, 
requiring no attention whatever from the fireman. 

The early objection to this system was that the fans could 
not stand the high temperature of the gases passing through 
them. But numbers have now been running for years under 
these conditions, handling gases from 300° to 500° in tempera- 
ture, and even higher. Of course these fans require to be of 
special construction to withstand the heat, and must be pro- 
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vided with means {or keeping the bearings cool. I{ kept dry 
there is little danger from the action of a sulphurous coal. 

The inherent relative efficiencies of the forced and induced 
systems are difficult of determination because of the many 
modifying circumstances which exert their influence. Certain 
comparative tests have, however, been made, principally upon 
marine boilers; but they can hardly be taken as absolutely 
conclusive. Among them are those conducted at the Ports- 
mouth (England) Dockyard* in 1890, the results of which 
are summarized in Table No. 1 1 1. Both tests were made on 

Table No. 111. 

RESULTS OF EXPERIMENTS AT PORTSMOUTH DOCKYARD WITH 

BOILERS OF H. M. S. POLYPHEMUS. 
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the same boiler, the induced draft being dismantled and 
replaced by the forced draft. To the decreased tendency of 
induced draft to blow holes through, as compared with forced 
draft, and the better regulation and distribution of the air, 
may undoubtedly be attributed a part of its superiority. It 
is also claimed that the action of the air and gases upon 
entering the tube-ends is such that with forced draft a con- 
tracted vein is formed which prevents close contact, while 
with induced draft the partial vacuum in the tubes causes the 



* Transactions Institution of Naval Architects. London, 1895. 
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flow to be uniform across the section of the tube, and thereby 
insures better contact between the gases and the tube surface 
and readier abstraction of heat. 

The induced system presents a ready opportunity for the 
introduction of air- or water-heaters which are to abstract the 
heat from the waste gases, thereby securing one of tjie greatest 
possible economies in the modern boiler-plant. The economic 
results actually secured by such an arrangement have already 
been presented in Table No. 73. The reduction. in tempera- 
ture which thus results not only increases the efficiency of the 
plant, but has an appreciable effect upon the proportions of 
the fan; for upon the temperature of the air and gases which 
pass through the fan must depend its size and speed to accom- 
plish the desired results in the way of draft-production. In 
a fan operating under the plenum or forced system, the 
volume of air supplied to the fire is substantially the same as 
that delivered by the fan, making no allowance for leakage. 
But with induced draft the fan must handle a volume of air 
and gases which, although the same in weight, is greater in 
volume practically in proportion to its increase in absolute 
temperature. Disregarding leakage, the weight is greater 
than the air admitted by the portion of the coal which has 
entered into chemical combination with it. On a basis of f8 
pounds of air per pound of coal, this additional weight 
amounts to 5.5 per cent, while with a supply of 24 pounds it 
is 4.2 per cent. This increased amount may enter into any 
refined calculations of fan-capacity, but it is unnecessary to 
go into the refinement of making allowance for difference in 
specific gravity or for moisture in the air or fuel. 

As the capacity of a fan, both in volume handled and 
pressure produced, is easily varied by a change in speed, 
sufficient accuracy is secured in ordinary design by considering 
that air is the fluid handled, and that the general relations 
presented in Table No. 109 will exist between volume, weight, 
and pressure, and the speed and power of a fan at different 
temperatures. 
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Advantages of Mechanical Draft. — The simplicity of the 
chimney is one of its strongest claims to favor as a draft-pro. 
ducer, and it is true that under many conditions it may prove 
to be, all things considered, the best means of creating the 
required air-movement. But it is likewise true that under 
other conc^itions, — and they are prevalent in modern boiler- 
practice, — the production of draft by mechanical means may 
secure results that point to it as the more desirable means. 
Its influence upon certain factors in boiler economy has been 
noted here and there in the preceding pages. Its essential 
advantages may be here enumerated. 

As the relative first cost always exercises an important 
influence upon the introduction of a new device, this feature 
will be first considered. 

In the accompanying curves. Fig. 24, are presented the 
relative costs of brick chimneys and of equivalent mechanical 
draft equipments in a number of boiler-plants widely different 
in character and rated capacity. In certain of these the cost 
of the existing chimney is known and that of the complete 
draft-plant was estimated, while in others the cost of the 
mechanical-draft installation was determined from the con- 
tract price and the expense of a chimney to produce equiva- 
lent results was calculated. Costs are shown for both single 
forced and induced engine-driven fans and for duplex engine- 
driven plants in which either fan may serve as a relay. An 
apparatus of this latter type is evidently most complete and 
is necessarily the most expensive. It finds its greatest use 
where economizers are employed. 

An average of the costs for these nine representative 
plants shows the total expense for installing a forced-draft 
plant to be only 18.7 per cent, that of a single induced fan 
and accessories 26.7 per cent, and that of a complete duplex 
induced-draft plant 42 per cent of that of a chimney. In each 
case a short steel-plate stack is included. 

For a good steam-boiler plant it is fair to assume the fol- 
lowing as average fixed charges: 
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Interest 5 per cent 

Depreciation and repairs 4J 

Insurance and taxes i J 



271 



< ( 



<( 



Total. 



1 1 per cent 



Experience has shown that these figures also hold good 
for a well-designed mechanical-draft apparatus, which has 
practically the same durability as a steam-boiler with its ac- 
cessories, and are so accepted here. 
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Horse Power 
F'g. 24. RELATIVE COSTS OF CHIMNEY DRAFT AND MECHANICAL DRAFT PLANTS. 

On the other hand the fixed charges on a chimney may be 
fairly assumed as: 
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Interest 5 per cent 

Depreciation and repairs i^ ^ ^ 

Insurance and taxes i^ '' 

Total • • . 8 per cent 

If a brick chimney for a given plant cost $10,000, then on 
the basis of relative costs and fixed charges just indicated, the 
relative first cost and annual fixed charges for the different 
arrangements of mechanical draft would be as presented in 
Table No. 112. 



Table No. 112. 



COMPARISON OF COSTS AND FIXED CHARGES. 



Method of Draft-production. 



Chimney 

Induced-draft plant (2 fans) 
Induced-draft plant (i fan). 
Forced-draft plant (i fan). . 



First Cost. 



Amount. 



$10000 
4200 
2670 
1870 



Ratio. 



1. 00 
0.42 
0.267 
0.187 



Annual Fixed 
Charges. 



Amount. 



$800 
462 
294 
206 



Ratio. 



1. 00 
0.58 

0.37 
0.26 



The fact that the mechanical-draft apparatus can usually 
be placed overhead or on top of the boilers where it occupies 
no valuable space, and that the space otherwise occupied by 
the chimney is at the same time rendered available, makes 
possible a further saving which is necessarily dependent upon 
land values. When a steel-plate stack is substituted for the 
chimney the relative advantage of mechanical draft is not so 
evident. 

The peculiar adaptability of the fan and its positive yet 
flexible action have always been regarded as among its obvious 
advantages. As it is usually constructed, of steel plate, it 
may be adapted to any location; and being, in most cases, 
operated by an independent engine, its action may be rendered 
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independent of climatic conditions, but susceptible to regula- 
tion to the exact requirements of the fire. 

The intensity of draft produced by a fan makes possible 
the maintenance of a higher rate of combustion or the burning 
of low-grade fuels, tends to prevent smoke, and above all 
renders available for utilization the waste heat of the gases. 
It may serve as an auxiliary to an overburdened chimney, and 
under proper conditions may so increase the steaming capacity 
of the boilers to which it is applied as to make possible a 
reduction in their number and consequently in the ground- 
area and first cost for a given output. 
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RULES FOR CONDUCTING BOILER-TRIALS. 

The last report* of the Committee of the American 
Society of Mechanical Engineers, appointed to revise the 
Code of 1885, whereby standard methods of conducting boiler- 
trials were established, expresses approval of the conclusions 
of the former code to the effect that ** the standard ' unit of 
evaporation' should be one pound of water at 212° Fahr.» 
evaporated into dry steam of the same temperature. This 
unit is equivalent to 965,7 British thermal units." 

It also declares that *' the unit of commercial horse-power 
developed by a boiler shall be taken at 34^ units of evapora- 
tion per hour; that is, 34J pounds of water evaporated per 
hour from a feed-water temperature of 212° Fahr. into dry 
steam of the same temperature." 

There are here given the general rules for conducting the 
trial, but the extensive notes of individual members of the 
Committee regarding the details of methods to be employed 
are omitted. 

Preliminaries to a Trial. 

I. Determine at the outset the specific object of the pro- 
posed trial, whether it be to ascertain the capacity of the 



♦ Trans. A. S. M. E., vol. xx. 
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boiler, its efficiency as a steam-generator, its efficiency and its 
defects under usual working conditions, the economy of some 
particular kind of fuel, or the effect of changes of design, 
proportion, or operation; and prepare for the trial accord- 
ingly. 

II. Examine the boiler^ both outside and inside; ascertain 
the dimensions of grates, heating-surfaces, and all important 
parts; and make a full record, describing the same, and illus- 
trating special features by sketches. The area of heating 
surface is to be computed from the outside diameter of all 
tubes, whether water-tubes or fire-tubes. This rule corre- 
sponds to the practice of many builders of different types of 
boilers, and is intended to make the practice of rating heating- 
surface uniform. All surfaces below the mean water-level 
which have water on one side and products of combustion on 
the other are to be considered as water-heating surface, and 
all surfaces above the mean water-level which have steam on 
one side and products of combustion on the other are to be 
considered as superheating surface. 

III. Notice the general condition of the boiler and its 
equipment, and record such facts in relation thereto as bear 
upon the objects in view. 

If the object of the trial is to ascertain the maximum 
economy or capacity of the boiler as a steam-generator, the 
boiler and all its appurtenances should be put in first-class 
condition. Clean the heating-surface inside and outside, 
remove clinkers from the grates and from the sides of the fur- 
nace. Remove all dust, soot, and ashes from the chambers, 
smoke-connections, and flues. Close air-leaks in the masonry 
and poorly fitted cleaning-doors. See that the damper will 
open wide and close tight. Test for air-leaks by firing a few 
shovels of smoky fuel and immediately closing the damper, 
observing the escape of smoke through the crevices. 

IV. Determine the character of the coal to be used. For 
tests of the efficiency or capacity of the boiler the coal should, 
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if possible, be of some kind which is commercially regarded 
as a standard. For New England and that portion of the 
country east of the Allegheny Mountains, good anthracite egg 
coal, containing not over lo per cent of ash, and semi- 
bituminous Cumberland (Md.) and Pocahontas (Va.) coals are 
thus regarded. West of the Allegheny Mountains, Poca- 
hontas (Va.) and New River (W. Va.) semi-bituminous, and 
Youghiogheny or Pittsburg bituminous coals are recognized 
as standards.* There is no special grade of coal mined in 
the Western States which is widely recognized as of superior 
quality or considered as a standard coal for boiler-testing. 
Big Muddy lump, an Illinois coal mined in Jackson County, 
111., is suggested as being of sufficiently high grade to answer 
the requirements in districts where it is more conveniently 
obtainable than the other coals mentioned above. 

V. Establish the correctness of all apparatus used in the 
test for weighing and measuring. These are : 

1 . Scales for weighing coal, ashes, and water. 

2. Tanks or water-meters for measuring water. Watfer- 
meters, as a rule, should only be used as a check on other 
measurements. For accurate work, the water should be 
weighed or measured in a tank. 

3. Thermometers and pyrometers for taking temperatures 
of air, steam, feed-water, waste gases, etc. 

4. Pressure-gauges, draft-gauges, etc. 

The kind and location of the various pieces of testing 
apparatus must be left to the judgment of the person con- 
ducting the test, always keeping in mind the main object, 
i.e., to obtain authentic data. 

VI. See that the boiler and chimney are thoroughly heated 
before the trial to their usual working temperature. If the 



* These coals are selected because they are about the only coals which 
contain the essentials of excellence of quality, adaptability to various kinds 
of furnaces, grates, boilers, and methods of firing, and wide distribution 
and general accessibility in the markets. 
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boiler is new and of a form provided with a brick setting, it 
should be in regular use at least a week before the trial, so as 
to dry and heat the walls. If it has been laid off and become 
cold, it should be worked before the trial until the walls are 
well heated. 

VII. The boiler and connections should be proved to be 
free from leaks before beginning a test, and all water connec- 
tions, including blow and extra feed-pipes, should be discon- 
nected, stopped with blank flanges, or bled through special 
openings beyond the valves, except the particular pipe through 
which water is to be fed to the boiler during the trial. Dur- 
ing the test the blow-off and feed-pipes should remain ex- 
posed. 

If an injector is used, it should receive steam directly 
through a felted pipe from the boiler being tested.* 

See that the steam-main is so arranged that water of con- 
densation cannot run back into the boiler. 

VIII. Starting and Stopping a Test. — A test should last 
at least ten .hours of continuous running. A longer test may 
be made when it is desired to ascertain the effect of widely 
varying conditions, or the performance of a boiler under the 
working conditions of a prolonged run. The conditions of 
the boiler and furnace in all respects should be, as nearly as 
possible, the same at the end as at the beginning of the test. 
The steam-pressure should be the same ; the water-level the 
same ; the fire upon the grates should be the same in quan- 
tity and condition; and the walls, flues, etc., should be of 
the same temperature. Two methods of obtaining the de- 

* In feeding a boiler undergoing test with an injector taking steam 
from another boiler, or the main steam-pipe from several boilers, the 
evaporative results may be modified by a difference in the quality of the 
steam from such source compared with that supplied by the boiler being 
tested, and in some cases the connection to the injector may act as a drip 
for the main steam-pipe. If it is known that the steam from the main 
pipe is of the same quality as that furnished by the boiler undergoing the 
test, the steam may be taken from such main pipe. 
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sired equality of conditions of the fire may be used, viz. : 
those which were called in the Code of 1885 '*the standard 
method" and **the alternate method," the latter being em- 
ployed where it is inconvenient to make use of the standard 
method. 

IX. Standard Method. — Steam being raised to the work- 
ing pressure, remove rapidly all the fire from the grate, close 
the damper, clean the ash-pit, and as quickly as possible start 
a new fire with weighed wood and coal, noting the time and 
the water-level while the water is in a quiescent state, just 
before lighting the fire. 

At the end of the test remove the whole fire, which has 
been burned low, clean the grates and ash-pit, and note the 
water-level when the water is in a quiescent state, and record 
the time of hauling the fire. The water-level should be as 
nearly as possible the same as at the beginning of the test. 
If it is not the same, a correction should be made by com- 
putation, and not by operating the pump after the test is 
completed. 

X. Alternate Method. — The boiler being thoroughly 
heated by a preliminary run, the fires are to be burned low 
and well cleaned. Note the amount of coal left on the grate 
as nearly as it can be estimated ; note the pressure of steam 
and the water-level, and note this time as the time of starting 
the test. Fresh coal which has been weighed should now be 
fired. The ash-pits should be thoroughly cleaned at once 
after starting. Before the end of the test the fires should be 
burned low, just as before the start, and the fires cleaned in 
such a manner as to leave the bed of coal of the same depth, 
and in the same condition, on the grates as at the start. The 
water-level and steam-pressures should previously be brought 
as nearly as possible to the same point as at the start, and 
the time of ending of the test should be noted just before 
fresh coal is fired. If the water-level is not the same as at 
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the start, a correction should be made by computation, and 
not by operating the pump after the test is completed. 

XL Uniformity of Conditions. — In all standard trials the 
conditions should be maintained uniformly constant. Ar- 
rangements should be made to dispose of the steam so that 
the rate of evaporation may be kept the same from beginning 
to end. This may be accomplished in a single boiler^ by 
carrying the steam through a waste steam-pipe, the discharge 
from which can be regulated as desired. In a battery of 
boilers in which only one is tested the draught can be regu- 
lated on the remaining boilers, leaving the test-boiler to work 
under a constant rate of production. 

Uniformity of conditions should prevail as to the pressure 
of steam, the height of water, the rate of evaporation, the 
thickness of fire, the times of firing and quantity of coal fired 
at one time, and as to the intervals between the times of 
cleaning the fires. 

XII. Keeping the Records. — Take note of every event 
connected with the progress of the trial, however unimpor- 
tant it may appear. Record the time of every occurrence 
and the time of taking every weight and every observation. 

The coal should be weighed and delivered to the fireman 
in equal proportions, each sufficient for not more than one 
hour's run, and a fresh portion should not be delivered until 
the previous one has all been fired. The time required to 
consume each portion should be noted, the time being re- 
corded at the instant of firing the last of each portion. It is 
desirable that at the same time the amount of water fed into 
the boiler should be accurately noted and recorded, including 
the height of the water in the boiler, and the average pressure 
of steam and temperature of feed during the time. By thus 
recording the amount of water evaporated by successive por- 
tions of coal, the test may be divided into several periods if 
desired, and the degree of uniformity of combustion, evapo- 
ration, and economy analyzed for each period. In addition 
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to these records of the coal and the feed-water, half-hourly 
observations should be made of the temperature of the feed- 
wr.ter, of the flue gases, of the external air in the boiler-room, 
of the temperature of the furnace when a furnace-pyrometer 
is used, also of the pressure of steam, and of the readings of 
the instruments for determining the moisture in the steam. 
A log should be kept on properly prepared blanks containing 
columns for record of the various observations. 

When the ** standard method" of starting and stopping 
the test is used, the hourly rate of combustion and of evapo- 
ration and the horse -power may be computed from the 
records taken during the time when the fires are in active 
condition. This time is somewhat less than the actual time 
which elapses between the beginning and end of the run. 
This method of computation is necessary, owing to the loss 
of time due to kindling the fire at the beginning and burning 
it out at the end. 

XIII. Quality of Steam. — ^The percentage of moisture in 
the steam should be determined by the use of either a throt- 
tling or a separating steam-calorimeter. The sampling-nozzle 
should be placed in the vertical steam-pipe rising from the 
boiler. It should be made of i-inch pipe, and should extend 
across the diameter of the steam-pipe to within half an inch 
of the opposite side, being closed at the end and perforated 
with not less than twenty |^-inch holes equally distributed 
along and around its cylindrical surface, but none of these 
holes should be nearer than \ inch to the inner side of the 
steam -pipe. The calorimeter and the pipe leading to it 
should be well covered with felting. Whenever the indica- 
tions of the throttling or separating calorimeter show that the 
percentage of moisture is irregular, or occasionally in excess 
of three per cent, 4:he results should be checked by a steam- 
separator placed in the steam-pipe as close to the boiler as 
convenient, with a calorimeter in the steam-pipe just beyond 
the outlet from the separator. The drip from the separator 
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should be caught and weighed, and the percentage of moist- 
ure computed therefrom added to that shown by the calo- 
rimeter. 

Superheating should be determined by means of a ther- 
mometer placed in a mercury-well or oil-well inserted in the 
steam-pipe. 

For calculations relating to quality of steam and correc- 
tions for quality of steam. (See page 1 19.) 

XIV. Sampling the Coal and Determining its Moisture. — 
As each barrow-load or fresh portion of coal is taken from the 
coal-pile, a representative shovelful is selected from it and 
placed in a barrel or box in a cool place and kept until the 
end of the trial. The samples are then mixed and broken 
into pieces not exceeding one inch in diameter, and reduced 
by the process of repeated quartering and crushing until a 
final sample weighing about five pounds is obtained, and the 
size of the larger pieces are such that they will pass through 
a sieve with J-inch meshes. From this sample two one- 
quart, air-tight glass preserving-jars, or other air-tight vessels 
which will prevent the escape of moisture from the sample, 
are to be promptly filled, and these samples are to be kept 
for subsequent determinations of moisture and of heating 
value, and for chemical analyses. During the process of 
quartering, when the sample has been reduced to about 100 
pounds, a quarter to a half of it may be taken for an approxi- 
mate determination of moisture. This may be made by 
placing it in a shallow iron pan, not over three inches deep, 
carefully weighing it, and setting the pan in the hottest place 
that can be found on the brickwork of the boiler setting or 
flues, keeping it there for at least twelve hours, and then 
weighing it. The determination of moisture thus made is 
believed to be approximately accurate for anthracite and 
semi-bituminous coals, and also for Pittsburg or Youghio- 
gheny coal; but it cannot be relied upon for coals mined 
west of Pittsburg, or for other coals containing inherent 
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moisture. For these latter coals it is important that a more 
accurate method be adopted. The method recommended by 
the Committee for all accurate tests, whatever the character 
of the coal, is described as follows : 

Take one of the samples contained in the glass jars, crush 
the whole of it by running it through an ordinary coffee-mill 
adjusted so as to produce somewhat coarse grains (less than 
iV inch), thoroughly mix the crushed sample, select from it a 
portion of from 10 to 50 grams, weigh it in a balance which 
will easily show a variation as small as i part in 1000, and 
dry it in an air or sand bath at a temperature between 240 
and 280 degrees Fahr. for one hour. Weigh it and record 
the loss, then heat and weigh it again repeatedly, at intervals 
of an hour or less, until the minimum weight has been 
reached and the weight begins to increase by oxidation of a 
portion of the coal. The difference between the original and 
the minimum weight is taken as the moisture. This moisture 
should preferably be made on duplicate samples, and the 
results should agree within 0.3 to 0.4 of one per cent, the 
mean of the two determinations being taken as the correct 
result. 

If the coal contains an appreciable amount of surface 
moisture, another portion of the 100 pounds sample should 
be weighed and spread out in a thin layer on a clean sheet- 
iron plate, and exposed for a period of twenty-four hours to 
the atmosphere of the boiler-room, and b)^ this means air- 
dried. After being weighed again, the percentage which the 
weight shrinks during this drying may be termed the percent- 
age of surface moisture. 

XV. Treatment of Ashes and Refuse. — The ashes and 
refuse are to be weighed in a dry state. For elaborate trials 
a sample of the same should be procured for analysis. When 
it is desired to know accurately the amount of coal consumed, 
as distinguished from combustible, all lumps of unconsumed 
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coal one-half inch or more in diameter are to be picked from 
the refuse and deducted from the weight of coal fired. 

XVI. Calorific Tests and Analysis of Coal, — The quality 
of the fuel should be determined either by heat test or by 
analysis, or by both. 

The rational method of determining the total heat of 
combustion is to burn the sample of coal in an atmosphere of 
oxygen-gas, the coal to be sampled as directed in Article XIV 
of this Code. 

The chemical analysis of the coal should be made only by 
an expert chemist. The total heat of combustion computed 
from the results of the ultimate analysis should be obtained 
by the use of Dulong s formula (with constants modified by 
recent determinations), viz., 

{.. o\ 

14600 C + 62000 \^ H— ^y> 

.J 

in which C, H, and O refer to the proportion of carbon, 
hydrogen, and oxygen respectively, and determined by the 
ultimate analysis.* 

It is recommended that the analysis and the heat test be 
each made by two independent laboratories, and the mean of 
the two results, if there is any difference, be adopted as the 
correct figures. 

It is desirable that a proximate analysis should also be 
made to determine the relative proportions of volatile matter 
and fixed carbon in the coal. 

XVII. Analysis of Flue-gases, — The analysis of the flue- 
gases is an especially valuable method of determining the 
relative value of different methods of firing, or of different 
kinds of furnaces. In making these analyses great care should 

* Favre and Silbermann give 14544 B. T. U. per pound carbon; Berthe* 
lot 14647 B. T. U. Favre and Silbermann give 62032 B. T. U. per pound 
hydrogen; Thomson, 61816 B. T. U. 
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be taken to procure average samples, since the composition 
is apt to vary at different points of the flue ; and where com- 
plete determinations are desired, the analysis should be 
intrusted to an expert chemist. For approximate determina- 
tions the Orsat* or the Hempelf apparatus may be used by 
the engineer. 

XVIII. Smoke Observations, — It is desirable to have a 
uniform system of determining and recording the quantity of 
smoke produced where bituminous coal is used. The system 
commonly employed is to express the degree of smokiness 
by means of percentages dependent upon the judgment of 
the observer. The Committee does not place much value 
upon a percentage method, because it depends so largely 
upon the personal element, but if this method is used, it is 
desirable that, so far as possible, a definition be given in ex- 
plicit terms as to the basis and method employed in arriving 
at the percentage. 

XIX. Miscellaneous, — In tests for purposes of scientific 
research, in which the determination of all the variables en- 
tering into the test is desired, certain observations should be 
made which are in general unnecessary for ordinary tests. 
These are the measurement of the air-supply, the determina- 
tion of its contained moisture, the determination of the 
amount of heat lost by radiation, of the amount of infiltra- 
tion of air through the setting, and (by condensation of all 
the steam made by the boiler) of the total heat imparted to 
the water. 

As these determinations are not likely to be undertaken 
except by engineers of high scientific attainments, it is not 
deemed advisable to give directions for making them. 

XX. Calculations of Efficiency. — Two methods of defining 



♦ See R. S. Hale's paper on " Flue Gas Analysis," Transactions A* S. 
M. E,, vol. xvni. p. 901. 

f See Hempel on " Gas Analysis." 
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and calculating the efficiency of a boiler are recommended. 
They are : 

^^ . # , , ., Heat absorbed per lb. combustible 

1. Efficiency of the boiler =^5 — -r- i h — rr r — irrT- 

^ Heating value of i lb. combustible 

2. Efficiency of the boiler and grate 

__ Heat absorbed per lb. coal 
Heating value of i lb. coal 

The first of these is sometimes called the efficiency based 
on combustible, and the second the efficiency based on coal. 
The first is recommended as a standard of comparison for all 
tests, and this is the one which is understood to be referred to 
when the word * ' efficiency * * alone is used without qualifica- 
tion. The second, however, should be included in a report 
of a test, together with the first, whenever the object of the 
test is to determine the efficiency of the boiler and furnace 
together with the grate (or mechanical stoker), or to compare 
different furnaces, grates, fuels, or methods of firing. 

The heat absorbed per pound of combustible (or per pound 
coal) is to be calculated by multiplying the equivalent evapo- 
ration from and at 212 degrees per pound combustible (or 
coal) by 965.7. 

In calculating the efficiency where the coal contains an ap- 
preciable amount of surface moisture, allowance is to be made 
for the heat lost in evaporating this moisture by adding to the 
heat absorbed by the boiler the heat of evaporation thus lost. 
The percentage of surface moisture used in this calculation is 
that which is found in the manner described in Article XIV 
of Code. 

XXI. The Heat-balance. — An approximate ** heat-bal- 
ance,** or statement of the distribution of the heating value of 
the coal among the several items of heat utilized and heat 
lost may be included in the report of a test when analyses of 
the fuel and of the chimney gases have been made« It should 
be reported in the following form : 
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Heat balance, or Distribution of the Heating Value of the Com- 
bustible. 

Total Heat Value of i lb. of Combustible B. T. U. 



I. 



2. 



3. 



4. 



Heat absorbed by the boiler = evaporation from and at 
212 degrees per pound of combustible X 965.7. 

Loss due to moisture in coal = per cent of moisture re- 
ferred to combustible -h 100 X [(212 — /) -f 966 + 
0.48(7^ -■ 2I2)](/ = temperature of air in the boiler- 
room, T = that of the flue gases). 

Loss due to moisture formed by the burning of hydrogen 
= per cent of hydrogen to combustible -h 100 X 9 
X [(212 - /) + 966 + 0.48(7' - 212)]. 

Loss due to heat carried away in the dry chimney gases = 
weight of gas per pound of combustible X 0.24 X 

(y-o. 

CO 
S.f Loss due to incomplete combustion of carbon = -^^^ — i-F7\ 

, per cent C in combustible ^ ^ 
X ~ r-r X 10150. 



100 



6. 



Loss due to unconsumed hydrogen and hydrocarbons, to 
heating the moisture in the air, to radiation, and 
unaccounted for. 

Totals 



Per Cent. 



100.00 



* The weight of gas per pound of carbon burned may be calculated from the gas analyses 
as follows : 



Dry gas per pound carbon = " ^^^^qqX^^^^ ^ '^^ ^^»ch CO,. CO, O, and N 



are 



the percentages by volume of the several gases. As the sampling and analyses of the gases 
in the present state of the art are liable to considerable errors, the result of this calculation is 
usually only an approximate one. The heat-balance itself is also only approximate for this 
reason, as well as for the fact that it is not possible to determine accurately the percentage 
of unburned hydrogen of hydrocarbons in the flue gases. 

The weight of dry gas per pound of combustible is found by multiplying the dry gas per 
pound of carbon by the percentage of carbon in the combustible, and dividing by zoo. 

t CO, and CO are respectively the percentage by volume of carbonic acid and carbonic 
oxide in the flue gases. The quantity 10x50 = No. heat-units generated by burning to car- 
bonic acid one pound of carbon contained in carbonic oxide. 

XXII. Report of the Trial. — ^The data and results should 
be reported in the manner given in the following table, omit- 
ting lines where the tests have not been made as elaborately 
as provided for in such table. Additional lines may be added 
for data relating to the specific object of the test. The extra 
lines should be classified under the headings provided in the 
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table, and numbered, as per preceding line, with sub letters, 
a^ b, etc. 

Data and Results of Evaporative Trials. 

Made by of boiler at to 

determine 

••••••••••••••••••••■••••••••••«••••••••••••••••••••••••••••••••••••••••• 

Principal conditions governing the trial » 



Kind of fuel 

State of the weather 

1. Date of trial 

2. Duration of trial • • • . • hours. 

Dimensions and Proportions, 

(A complete description of the boiler should be given on an annexed 
sheet.) 

3. Grate surface width length area sq. ft. 

4. Water-heating surface 

5. Superheating surface 

6. Ratio of water heating surface to grate surface • • 

7. Ratio of minimum draft area to grate surface. ............. 

Average Pressures, 

8. Steam-pressure by gauge lbs. 

9. Atmospheric pressure by barometer in. 

10. Force of draft between damper and boiler " 

11. Force of draft in furnace " 

12. ^orce of draft in ash-pit 



«« 



«« 



Average Temperatures^ 

13. Of external air deg. 

14. Of fire room • 



15. Of steam 

16. Of feed water entering heater 

17. Of feed water entering economizer. 

18. Of feed water entering boiler 

19. Of escaping gases from boiler 

20. Of escaping gases from economizer. 



« < 

<i 
II 

•« 
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lbs. 



i< 



Fuel. . 

21. Sizf and condition ••••••••••• 

22. Weight of wood used in lighting fire 

23. Weight of coal as fired * 

24. Percentage of moisture in coal f percent* 

25. Total weight of dry coal consumed (Art. XIV, Code) lbs. 

26. Total ash and refuse 

27. Total combustible consumed 

28. Percentage of ash and refuse in dry coal per cent. 

Proximate Analysis of Coal, 

Of Coal. Of Combustible. 



K 



<l 



29. Fixed carbon... 

30. Volatile matter. 

31. Moisture 

32.. Ash 



per cent. 
<< 



11 



33. Sulphur, separately determilhed. 



per cent. 
tt 



100 per cent. zoo per cent. 

i< 41 



Ultimate Analysis of Dry Coal, 
(Art. XVI. Code.) 



34. Carbon (C). . . . 

35. Hydrogen (H). 

36. Oxygen (O) . . . 

37. Nitrogen (N).. 

38. Sulphur (S). . . 



39. Moisture in sample of coal as received. 



Analysis of Ash and Refuse, 



40. Carbon 

41. Earthy matter. 



per cent. 

4C 
(I 
41 
44 



ZOO per cent. 
44 



per cent. 
41 



Fuel per Hour, 

42. Dry coal consumed per hour.. «« •...•.• 

43. Combustible consumed per hour 

44. Dry coal per square foot of grate surface per hour 

45. Combustible per square foot of water heating surface per 

hour 



lbs. 
44 

44 



44 



* Including equivalent of wood used in ligrhting the fire, not including unbumt coal with- 
drawn from furaace at end of test. One pound of wood is taken to be equal to 0.4 pound of 
coal. 

t This is the total moisture in the coal as found by drying it artificially, as described in Art. 
XIV of Code. 
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CaUrifU Valut of FUeL 

46. Calorific valne bj oxygen calorimeter, per ponod of dry 

coal B. T. U* 

47. Calorific value by oxygen calorimeter, per pound of com- 

bustible • " " *' 

48. Calorific value by analysis, per lb. of dry coal* <• « «« 

49. Calorific value by analysis, per pound of combustible. •••« " " '* 

Quality of SUam* 

50. Percentage of moisture in steam • •• percent. 

51. Number of degrees of superheating deg. 

5a. Quality of steam (dry steam = unity) 

S3* Factor of correction for quality of steam (page 1x9) 

Water. 

S4. Total weight of water fed to boiler • • lbs. 

SS* Water actually evaporated, corrected for quality of steam " 

56. Equivalent water evaporated into dry steam from and at 

2xa degrees.. ••. ** 

Water per Hour. 

57. Water evaporated per hour, corrected for quality of steam ^ 

58. Equivalent evaporation per hour from and at 21a degrees. ^ 
S9> Equivalent evaporation per hour from and at 212 degrees 

per square foot of water-heating surface. ^ 

Horse^power, 

60i Hone*power developed. (34^ lbs. of water evaporated 
per hour into dry steam from and at 212 degrees, equals 
one horse-power)t H« P. 

6i. Builders* rated horse power " 

62. Percentage of builders* rated horse-power developed per cent. 

Economic Results. 

63. Water apparently evaporated per lb. of coal under actual 

conditions. (Item S4 ^ Item 23) lbs. 

64. Equivalent evaporation from and at 212 degrees per lb. of 

coal (including moisture) " 

65. Equivalent evaporation from and at 212 degrees per lb. of 

dry coal " 

66. Equivalent evaporation from and at 212 degrees per lb. of 

combustible. " 

* See formula for calorific value under Article XVI of Code. 

t Held to be the equiyalent of 30 lbs. of water per hour evaporated from 100 degrees Pabft 
into dry steam at 70 lbs. gauge»prcMiire (Sec Introduction to Code.) 
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Efficiency, 
(See Art. XX, Code.) 

67. Efficiency of the boiler ; heat absorbed by the boiler per lb. 

of combustible divided by the heat-value of one lb. of 
combustible.* percent. 

68. Efficiency of boiler, including the grate ; heat absorbed by 

the boiler, per lb. of dry coal fired» divided by the heat 
value of one lb. of dry coal.f 

Cost of Evaporation. 

69. Cost of coal per ton of 2240 lbs. delivered in boiler-room... % 
7a Cost of fuel for evaporating 1000 lbs. of water under ob- 
served conditions % 

7Z. Cost of fuel used for evaporating z,ooo lbs. of water from 

and at 212 degrees % 

Smoke Observations. 

72. Percentage of smoke as observed 

73. Weight of soot per hour obtained from smoke-meter 

74. Volume of soot obtained from smoke-meter per hour • 

* In all cases where the word " combustible " is used, it means the coal without moisture 
and ash, but including all other constituents. It is the same as what is called in Europe " coal 
dry and free from ash." 

t The heat value of the coal is to be determined either by an oxygen calorimeter or by cal- 
culation from ultimate analysis. When both methods are used the mean value 14 to be taken. 
(See page zo.) 



INDEX. 



Absolute Zero, 12 
Abstractors, 168, 171, 175 
Air, 25 

admission above fire, 113 

composition, 25 

efflux, 198 

excess, loss on account of, 37, 115, 
119 

expansion by heat, 13 

for dilution, 35, 37, 118, 1S9 

heater, 168, 175 
tests, 170 

leakage, 225 

measurement, 47 

preheating, 115, 137. 168, 175 

pressure, 195, 200, 263 
and rate of combustion, 218, 224 

properties, 13, 25 

saturated mixtures, 13 

supply, admission above fire, 113 
calculation from gas-analysis, 

41 
effect on ideal temperature, 56, 

118 

effect on efficiency of fuel, 119, 

124. 163 
effect on temperature of gases, 

116, 163 
for combustion, 32, 39 
for dilution, 35, 37, 118, 189 
for high rates of combustion, 

186 
heating, 115, 137, 168, 175 
insufficiency, influence of, 39 
loss of efficiency due to excess, 

119, 121, 163 
measurement, 47 
preheating, 115, 137, 168, 175 
with different rates of combus- 
tion, 188 
temperature, influence on move- 
ment, 257 
velocity of flow, 195, 200, 203 



Air, volume, 13 

weight, 13 

work to move, 201 
American Line, test, 171 
Anemometer, 47, 207 
Anthracite coal, see Coal, anthracite 
Artificial fuels, 84 
Ash, influence of, 100 
A. S. M. E. boiler-trial code, 274 

rating of boilers, 145 
Atomic theory, 25 

Bagasse, 60 
calorific value, 6z 
composition, 63 
diffusion, 60 
fuel value, 63 
mill, 60 

moisture in, 61 
Bituminous coal,- see Coal, bitumi- 
nous 
Blowers, see Fans 
Boilers, steam 
combustion rate, effect on evapo« 

ration, 160, 183 
convection of furnace-heat, 149 
depreciation, 4 
draft, 194-273 

effect of, 132, 156, 270 
economy of high rates of combus- 
tion, 183 
efficiency, i, 140-179 
measure of, 140 
quantitative, 5 
relative, 141, 143, 149 
sources, 155 
ultimate, 3 
evaporation in different sections, 
152 
per horse-power, 147 
per square foot of heating-sur- 
face, 148, 182 
evaporative performance, 160 

293 
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Boilers, gcate-area, 157 

effect of. 192 

vs, heating-surface, i8z 
heat-balance, 125, 142 

disposition of, 154 
heating-surface, 158 

per horse-power, 148 

vs* grate-surface, 181 
horse-power, 149 
leakage of air, 225 
loss due to temperature of gases, 

162 
operating expenses, 6 
output, effect of quality of fuel, 

127 
powdered-fuel furnaces, 179 
radiation of furnace-heat, 149 
rate of combustion, 180, 216 
rating, 143, 149 
retarders, 172, 224 
saving by burning cheap fuels, 

131 
Serve-tubes, 174 

settings, leakage through, 225 

radiation through, 154 

temperature in, 154 
surface-ratio, 149, 191 

and rate of combustion, 191 

influence of, 160 
temperature of fire, 151 

in tubes, 153 
testing, rules for, 274 
tube-heating efficiency, 172 
tubes, ribbed, 175 

Calorie, 15 
Calorimeter, fuel, 49 
Carbon, 24 

combustion of, 27, 37, 48 

heat of combustion, 48 

ideal temperature, 52 

in ash, loi 

properties, 33 

union with oxygen, 27, 37, 48 
Carbonic acid, 28, 37 

properties, 29 i 

Carbonic dioxide, 28 
Carbonic oxide, 28 

heat of combustion, 49 

loss of efficiency on account of, 
no 

produced by excessive firing, 112 

properties, 29 
Centennial boiler rating, 145 
Charcoal, 84 
Chimney, cost, 242 

cost vs, fan, 271 

draft, see Draft, chimney 



Chimney vs, mechanical draft, 244 
efficiency, 243 

vs, fan, 245 
formulae, 232 
Gale's formulae, 235 
height for given rate of combus- 
tion, 240 
Kent's formula, 234 
Kent's table, 236 
temperature, influence of, 230 
theory, 228 
vs, fan, 244 
Chimneys, 228 

capacities, 236 
Closed ash-pit system, 263 
Closed fire-room system, 265 
Coal, see also Fuels 
analysis, 69 
anthracite, 30, 71 

composition, 30, 52, 72, 74 

efficiency, relative, 106, 130 
of small sizes, 106 

rate of combustion, 106, 218 
bituminous, 30, 69 

composition, 30, 69 
caking, 70 

calorific value, 52, 74 
cannel, 70 
classification, size, 67 

geographical, 73 
combustion, see also Combustion 

losses incident to, 126 

of small sizes, 218 
composition, 30, 69, 74-83 

proximate, 69 

ultimate, 69 
cost for equivalent evaporation, 
131 

influence of, 128 
economy of cheap coal, 131 
efficiency, 99, 184 

commercial, 127 

comparative, 127, 130 

influences affecting, 122 

of various coals, 130 
evaporation for equivalent cost, 

133 
fire, temperature, 151 
formation, 65, 67 
heat of combustion, 48 
lignite, 30, 68 

composition, 30, 52, 68 
losses incident to burning, 129 
moisture in, influence of, 108 
non-caking, 70 
quality, effect of, 127 
rate of combustion, 180, 188, 216 
semi-anthracite, 71 
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Coal, semi-bitumiirous, 30, 71 

composition, 71 
size, influence of, lOi 
sizes. 103 

small, requisites for burning, 102 
small sizes, combustion of, 218 
Coke, 87 

Combustion, 24-56 
admission of air above fire, 113 
air required for, 32 
air-supply, effect of, 37, 117, 118, 

124. 163, 190 
carbon, 27, 37, 48 
data, 33 
definition, 24 

draft for given rate, 186, 216 
economy of high rates, 183 
effect on evaporation, 160 
efiSciency, 184 

forced, see Draft, mechanical 
heat of, 48 

calculation, 50 

distribution, 151 

losses, 126, 155 
height of chimney for different 

rates, 240 
ideal temperature, 52, 117 
influence of ash, 100 

of excessive firing, 112 

of frequent firing, 105 

of moisture in coal, 108 

of size of coal, loi, 106, 218 
losses incident to, 97, 129 

on account of carbonic oxide, no 

on account of excess of air, 37, 

115. 119 

on account of smoke, 108 
products of, 125, 129 
rate of, 180-193, 216 
rate, chimney for, 240 

relatively to draft, 216, 220 

with small anthracite coals, 218 
rates for different boilers, 181 
small coal, 106, 218 
substances concerned, 53 
temperature of, 151 

escaping gases, 121 
thick fire, 193 
Cost, primary and fixed charges, 

4, 271 
Coxe stoker, 217 

Dilution, air for, 35, 37 

Draft, 194-227 
actual conditions, 211 
and rate of combustion, 218 
artificial, see Draft, mechanical 
chimney, 228-246 



Draft, Gale's formulae, 235 

height for given rate of combus- 
tion, 240 

Kent's formula, 234 

principles, 228 

temperature, influence on, 230 

theory, 228 
conditions, 210 
definition, 194 

forced, see Draft, mechanical 
gauge, 205 
measurement, 203 
mechanical, 247-273 

advantages, 27 

air-pressure produced, 218 

air-supply, 38 

application for burning smal) 
coals, 103, 218 

burning small fuels, 133, 218 

carbonic oxide, prevention of, 
III 

closed ash-pit, 263 

closed fire-room, 265 

cost vs» chimney, 271 

definition, 247 

economy with economizer, 167 

economy with small coals, 134 

forced, 262 

forced vs. induced, 268 

for small coals, 103, 106, 218 

for high rates of combustion, i8(li 

induced, 267 

induced vs. forced, 268 

influence of, 132, 270 

influence on smoke-prevention, 
136 

methods, 262 

record, 213 

retarders, influence on, 174 

steam-jets, 247 

vs, chimney-draft, 134, 244 
pressure, 195, 204 
record, 213 
recorder, 208 
regulation, 213 
. velocity, 195 
work to move air, 20Z 

Eaves helical-draft boiler, 175 
Economizers, 162 

effect of state of surface, 168 

saving by, 165 

tests, 166 
Elementary substances, 28 

atomic weights, 28 

symbols, 28 
Ellis and Eaves system, 171 

test, 172 
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Engines, steam, steam per horse- 
power, 144 
Evaporation, factors of, 96 
for equivalent cost of coal, 131 
per horse-power, 147 
per square foot of heating surface, 

182 
rate for equivalent cost of coal, 

133 
unit of, 94 
Excess of air, loss on account of, 37, 

T15, 119 
Exhausters, see Fans 

Factors of evaporation, 96 
Fans, see also Draft, mechanical 

cost vj. chimney, 271 

design, 251 

effect of temperature on results, 257 

power required. 213 

pressure created, 255 

types, 250 

volume moved, 245 
Feed-water heaters, 162 
Fire, temperature of, 151 

thickness of, 193 
Firing, excessive, effect of, 112 

frequency, influence of, 105 

mechanical vs, hand, 178 
Fixed charges, 4, 271 
Flue-gas, see Gas, flue 
Forced draft, see Draft, mechanical 
Fuel-gas, 40, 88, 90, iii 
Fuels. 57-91 

see also Coal 

air required for combustion, 32 

artificial, 57, 84 

combustion, 29 

composition, 30, 57 

cost, influence of, 12S 

definition, 57 

draft required, 225 

economy of cheap, 131 

efficiency, 92-139, 184 
influences affecting, I22 

heat of combustion, 52 

natural, 57 

patent, 90 

powdered, 179 

quality, effect of, 127 
Furnace, down-draft, 138 

heat, convection, 149 
radiation, 149 

powdered fuel, 179 

types, 97 

Gas-flue, analysis, 40, iii 
composition, 44 



Gas-flue, loss due to temperature^ 
119, 162 

temperature, 153 
with retarders, 173 

tests by Donkin & Kennedy, 38 
Gas, fuel, 88 

natural, 84 

producer, 90 

water, 90 
Gauge, water, 205 
Grate, see Boilers, steam, grate 

Heat-abstractors, 168, 171, 175 

balance, 125, 142 

combustion, of, 48 

disposition of, in steam-boilers, 154 

distribution in steam-boilers, 151 

latent, 17 

losses incident to combustion, 126 

mechanical equivalent, 15 

sensible, 17 

specific, 14 

transmission, 150 

unit of, 15 
Heating feed-water, saving by, 165 

surface, see Boilers, steam, heat- 
ing-surface 
Hook draft-gauge, 206 
Horse-power of boilers, 143, 149 
Hydrocarbons, 29, 31 
Hydrogen, 26 

heat of combustion, 49 

ideal temperature of combustion, 

53 
properties, 33 

Ideal Temperature of combustion, 

52 
Induced draft, see Draft, mechanical 
Iroquois Hotel, test, 134 

Latent heat, 17 
Leakage of air, 225 
Lignite, see Coal, lignite 

Mahler's bomb- calorimeter, 48 
Marsh-gas, 29 

heat of combustion, 49 
Mechanical draft, &ee Draft, mechan- 
ical 
Mechanical equivalent of heat, 15 
Megass, see Bagasse 
Moisture in coal, 108 

Natural draft, see Draft, chimney 
Nitrogen, 25, 37 
Natural gas, 90 

Olefiant gas, 49 
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Operating expenses, 6 
Orsat apparatus, 40 
Oxygen, 24, 37 
unidn with carbon, 27 

Pacific Mills, test, 169 
Patent fuel, 90 
Peat, 64 

composition, 66 
Petroleum, 30, 73, 85 

composition, 30, 85 
Pitot's tube, 209 
Pressure gauge, 205 

head, 198 

relation to velocity, 195 
Producer gas, 90 
Proximate analysis, 69 

Radiation of furnace-heat, 149 
Rate of combustion, 180-193 
Retarders, 174, 224 



see Coal, 
Coal, 



see 



Semi- ANTHRACITE COAL, 

semi-anthracite 
Semi -bituminous coal, 

semi-bituminous 
Sensible heat, 17 
Serve-tube, 174 
Smoke analysis, 109 

loss on account of, 108 

prevention, 108, 135 
Specific heat, 14 
Steam, 8-18 

.boilers, see Boilers, steam 

bulk, 19 

composition, 8 

expansion by heat, 19 

generation, requisites for, 2 

jets, 247 

latent heat, 17, 19 

per horse-power for steam-en- 
gines, 144 

properties, 19 

sensible heat, 17, 19 

specific heat, 14 

temperature, 19 

weight, 19 



Stokers, mechanical, 138, 176 

air-supply with, 188 

Coxe, 217 

tests, 178 
Straw, 58 
Surface-ratio, 149, 191 

Tabular view of results of combus- 
tion, 125 
Tan. 58 
Temperature, boiler in, 151 

coal fire, 151 

effect on action of fan, 257 

ideal, of combustion, 52 

influence on movement of air, 357 

tubes, in, of boiler, 153 
Thermal unit, 15 
Tube-heating efficiency, 172 

Ultimate analysis, 69 
Unit of evaporation, 94 

of heat, 15 
United States Cotton Co. test, 133 

Velocity-head, 198 
relation to pressure, 195 

Water, 8-18 

bulk, 10 

column due to unbalanced pres- 
sure in chimney, 230 

composition, 8, 26 

density, 10 

expansion by heat, ii 

gas, 90 

gauge, 205 

height of column corresponding to 
pressure, 204 

specific heat, 14 

thermal units in, 16 

weight, 9 
Wollaston anemometer, 207 
Wood, 58 

composition, 59 

fibre, conversion into coal, 67 

Zero absolute, 12 
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AGRICULTURE. 

Cattle Fbbding— Dairy Practice — Diseases of Aniicalb — 

Gardening, Etc. 

Armsby's Manual of Cattle Feeding 12mo, f 1 75 

Downing's Fruit and Fruit Trees 8vo, 5 00 

Grotenfelt's The Principles of Modern Dairy Practice. (Woll.) 

12mo, 2 00 

Kemp's Landscape Gardening 12mo, 2 50 

Loudon's Gardening for Ladies. (Downing.) 12mo, 1 50 

Maynard's Landscape Gardening 12mo, 1 50 

Steel's Treatise on the Diseases of the Dog 8vo, 8 50 

" Treatise on the Diseases of the Ox 8vo, 6 00 

Stockbridge's Rocks and Soils 8vo, 2 50 

Woll's Handbook for Farmers and Dairymen 12mo, 1 60 

ARCHITECTURE. 

Building — Carpentry— Stairs— Ventilation— Law, Etc. 

Berg's Buildings and Structures of American Railroads 4to, 7 60 

Birkmire's American Theatres— Planning and Construction. 8 vo, 8 00 

Architectural Iron and Steel 8vo, 3 50 

Compound Riveted Girders 8vo, 2 00 

Skeleton Construction in Buildings 8yo, 8 00 
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Birkmire's Planning and Construction of High Office Buildings. 

8vo, 

Carpenter's Heating and Ventilating of Buildings 8vo, 

Freitag's Architectural Engineering 8vo, 

Gerhard's Sanitary House Inspection 16mo, 

" Theatre Fires and Panics 12mo, 

Hatfield's American House Carpenter 8vo, 

Holly's Carpenter and Joiner 18mo, 

Kidder's Architect and Builder's Pocket-book. . .16mo, morocco, 

Merrill's Stones for Building and Decoration 8vo, 

Monckton's Stair Building — Wood, Iron, and Stone 4to, 

Wait's Engineering and Architectural Jurisprudence... . . . .8vo, 

Sheep, 
Worcester's Small Hospitals — Establishment and Maintenance, 
including Atkinson's Suggestions for Hospital Archi- 
tecture 12mo, 

World's Columbian Exposition of 1898 Large 4to, 

ARMY, NAVY, Etc. 

Military ENGiNBBRiNG—ORDNAi^ctiS — Law, Etc. 

Bourne's Screw Propellers 4to, 

*Bruff's Ordnance and Gunnery 8vo, 

Chase's Screw Propellers 8vo, 

Cooke's Naval Ordnance 8vo, 

Cronkhite's Gunnery for Non-com. Officers 32mo, morocco, 

* Davis's Treatise on Military Law 8vo, 

Sheep, 

* ** Elements of Law 8vo, 

De Brack's Cavalry Outpost Duties. (Can-.). . . .82m6, morocco, 
Dietz's Soldier's First Aid 16mo, morocco, 

* Dredge's Modern French Artillery Large 4to, half morocco, 

" Record of the Transportation Exhibits Building, 
World's Columbian Exposition of 1898.. 4to, half morocco, 

Durand's Resistance and Propulsion of Ships 8vo, 

Dyer's Light Artillery 12mo, 

Hoff's Naval Tactics , Svo, 

* Ingalls's Ballistic Tables 8vo, 

" Handbook of Problems iu Direct Fire Svo, 
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75 
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1 25 


2 50 
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2 50 
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1 50 
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Mohan's PermaneDt Fortifications. (Mercur.).8yo, half morocco, $7 50 

Mercur's Attack of Fortified Places 12mo, 2 00 

Elements of the Art of War 8vo, 4 00 

Metcalfe's Ordnance and Gunnery 12mo, with Atlas, 5 00 

Murray's A Manual for Courts-Martial 16mo, morocco, 1 60 

" Infantry Drill Regulations adapted to the Springfield 

Rifle, Caliber .45 82mo, paper, 10 

*iPhelp8's Practical Marine Surveying 8vo, 2 50 

Powell's Army Oflicei-'s Examiner 12mo, 4 00 

Sharpe's Subsisting Armies 82mo, morocco, 1 50 

Very's Navies of the World Svo, half morocco, 8 50 

Wheeler's Siege Operations 8vo, 2 00 

Winthrop's Abridgment of Military Law 12mo, 2 60 

Woodhull's Notes on Military Hygiene 16mo, 1 50 

Young's Simple Elements of Navigation 16mo, morocco, 2 00 

first edition 100 

ASSAYING. 

Smelting — Ore Dressing — Alloys,. Etc. 

Pletcher's Quant. Assaying with the Blowpipe.. 16mo, morocco, 1 50 

Purman's Practical Assaying 8vo, 8 00 

Kunhardt's Ore Dressing 8vo, 1 50 

O'Driscoll's Treatment of Gold Ores 8vo, 2 00 

Riokeits and Miller's Notes on Assaying 8vo, 8 00 

Thurston's Alloys, Brasses, and Bronzes 8vo, 2 50 

Wilson's Cyanide Processes 12mo, 1 50 

The Chlorination Process 12mo, 1 50 



(( 



ASTRONOMY. 

Practical, Theoretical, and Descriptive. 

Craig's Azimuth 4to, 8 50 

Doolittle's Practical Astronomy 8vo, 4 00 

Gore's Elements of Geodesy 8vo, 2 50 

Hay ford's Text- book of Geodetic Astronomy 8vo. 8 00 

* Michie and Harlow's Practical Astronomy 8vo, 3 00 

* White's Theoretical and Descriptive Astronomy 12mo, 2 00 
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BOTANY. 

Gardening fob Ladies, Etc. 

Baldwin's Orchids of New England Small 8yo, |1 60 

Loudon's Gardening for Ladies. (Downing.) 12mo, 1 50 

Thome's Structural Botany 16mo, 2 25 

Westermaier's General Botany. (Schneider.) 8vo, 2 00 

BRIDGES, ROOFS, Etc 

Cantilever — Draw— Highway — Suspension. • 
(See also Engineering, p. 7.) 

Boiler's Highway Bridges 8vo, 2 00 

* *' The Thames River Bridge 4to, paper, 5 00 

Burr's Stresses in Bridges 8vo, 8 50 

Crehore's Mechanics of the Girder 8vo, 5 00 

Dredge's Thames Bridges 7 parts, per part, 1 25 

Du Bois's Stresses in Framed Structures Small 4to, 10 00 

Foster's Wooden Trestle Bridges 4to, 5 00 

Greene's Arches in Wood, etc 8vo, 2 50 

Bridge Trusses 8vo, 2 50 

Roof Trusses 8vo, 1 25 

Howe's Treatise on Arches 8yo, 4 00 

Johnson's Modern Framed Structures Small 4to, 10 00 

Merriman & Jacoby's Text-book of Roofs and Bridges. 

Part L. Stresses 8vo, 2 50 

Merriman & Jacoby's Text-book of Roofs and Bridges. 

Part IL. Graphic Statics 8vo, 2 50 

Merriman & Jacoby's Text-book of Roofs and Bridges. 

Part IIL, Bridge Design 8vo, 2 50 

Merriman & Jacoby's Text- book of Roofs and Bridges. 

Part IV., Continuous, Draw, Cantilever, Suspension, and 

Arched Bridges 8vo, 

* Morison's The Memphis Bridge Oblong 4to, 

Waddell's Iron Highway Bridges. ... .8vo, 

*' De Pontibus (a Pocket-book for Bridge Engineers). 

16mo, morocco, 

Wood's Construction of Bridges and Roofs 8vo, 

Wright's Designing of Draw Spans. Parts I. and II..8vo, each 

** " ** " " Complete 8vo, 
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2 50 


10 00 


4 00 
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2 00 


2 50 
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CHEMISTRY. 

QuALiTATivB—QuANTiTATivK— Organic— Inorgakic, Etc. 

Adriance's Laboratory Calculations 12mo, fl 25 

Allen's Tables for Iron Analysis 8yo, 8 00 

Ausien's Notes for Chemical Students 12mo, 1 50 

Bolton's Student's Guide in Quantitative Analysis 8vo, 1 50 

Classen's Analysis by Electrolysis. (HerrickandBoltwood.).8yo, 8 00 

Crafts's Qualitative Analysis. (Schaeffer.) 12nio, 1 50 

Drechsel's Chemical Reactions. (Merrill.) 12mo, 1 25 

Fresenius's Quantitative Chemical Analysis. (Allen.) 8vo, 6 00 

Qualitative " ** (Johnson.) 8vo, 8 00 

(Wells.) Trans. 

16th German Edition 8vo, 5 00 

Fuertes's Water and Public Health 12mo, 1 50 

Gill's Gasand Fuel Analysis 12mo, 1 25 

Hammarsten's Physiological Chemistry. (Maudel.) 8vo, 4 00 

Helm's Principles of Mathematical Chemistry. (Morgan). 12mo, 1 50 

Eolbe's Inorganic Chemistry 12mo, 1 50 

Ladd's Quantitative Chemical Analysis 12mo, 1 00 

Landauer's Spectrum Analysis. (Tingle. ) 8vo, 8 00 

LOb's Electrolysis and Electrosyn thesis of Organic Compounds. 

(Lorenz.) 12mo, 1 00 

Mandel's Bio-chemical Laboratory 12mo, 1 50 

Mason's Water-supply 8vo, 5 00 

" Examination of Water 12mo, 1 25 

Meyer's Organic Analysis. (Tingle.) (In iheprsu,) 

Miller's Chemical Physics 8vo, 2 00 

Mixter's Elementary Text-book of Chemistry 12mo, 1 50 

Morgan's The Theory of Solutions and its Results 12mo, 1 00 

* ' Elements of Physical Chemistry 12mo, 2 00 

Nichols's Water-supply (Chemical and Sanitary) 8vo, 2 50 

O'Brine's Laboratory Guide to Chemical Analysis 8vo, 2 00 

Perkins's Qualitative Analysis 12mo, 1 00 

Pinner's Organic Chemistry. (Austen.) 12mo, 1 50 

Poole's Calorific Power of Fuels 8vo, 8 00 

Ricketts and Russell's Notes on Inorganic Chemistry (Non- 
metallic) .Oblong 8vo, morocco, 75 

Ruddiman's Incompatibilities in Prescriptions 8vo, 2 00 
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Bcbimpf s Volumetric Analysis 12mo, $2 50 

Speiicei^'s Sugar Manufacturer's Handbook 16mo, morocco, 2 00 

" Handbook for Cbemists of Beet Sugar Houses. 

16mo, morocco, 8 00 

Stockbridge's Rocks and Soils 8vo, 2 50 

Tillman's Descriptive General Chemistry. {In the press,) 

Van Deventer's Physical Chemistry for Beginners. (Boltwood.) 

12mo, 1 50 

Wells's Inorganic Qualitative Analysis 12mo, 1 60 

** Laboratory Guide in Qualitative Chemical Analysis. 

8vo, 1 50 

Whipple's Microscopy of Drinking-water 8vo, . 8 50 

Wiechmann's Chemical Lecture Notes 12mo, 3 00 

Sugar Analysis Small 8vo, 2 50 

WuUing's Inorganic Phar. and Med. Chemistry 12mo, 2 00 

DRAWING. 

Elementary — Geometrical— Mechanical — Topographical. 

Hill's Shades and Shadows and Perspective ; 8vo, 2 00 

MacCord's Descriptive Geometry 8vo, 8 00 

Kinematics 8vo, 5 00 

Mechanical Drawing 8vo, 4 00 

Mahnn's Industrial Drawing. (Thompson.) 2 vols., 8vo, 8 50 

Reed's Topographical Drawing. (H. A.) 4to, 5 00 

Reid's A Course in Mechanical Drawing 8vo. 2 00 

*' Mechanical Drawing and Elementary Machine Design. 

8vo. {In Uie press.) 

Smith's Topographical Drawing. (Macmillan.) 8vo, 2 50 

Warren's Descriptive Geometry. 2 vols., 8vo, 3 50 

Drafting Instruments 12mo, 1 25 

Free-hand Drawing .... 12mo, 1 00 

Linear Perspective 12mo, 1 00 

Machine Construction 2 vols. , 8vo, 7 50 

Plane Problems 12mo, 1 25 

Primary Geometry 12mo, 75 

Problems and Theorems 8VO4 2 50 

Projection Drawing 12mo, 1 50 
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Warren's Shades and Shadows 8yo, |3 00 

' * Stereotomy— Stone-cutting 8vo, 2 50 

Whelpley's Letter Engraving 12mo, 2 00 

ELECTRICITY AND MAGNETISM. 

Illumination— Battbribs — Physics — Railways. 

Anthony and Brackett's Text-book of Physics. (Magie.) Small 

8vo, 3 00 

Anthony's Theory of Electrical Measurements 12mo, 1 00 

Barker's Deep-sea Soundings Svo, 2 00 

Benjamin's Voltaic Cell 8vo, 3 00 

History of Electricity 8vo, 3 00 

Classen's Analysis by Electrolysis. (HerrickandBoltwood.)8vo, 3 00 

Cosmic Law of Thermal Repulsion 12mo, 75 

Crehore and Squier's Experiments with a New Polarizing Photo- 
Chronograph 8yo, 3 00 

Dawson's Electric Railways and Tramways. Small, 4to, half 

morocco^. 12 50 

* Dredge's Electric Illuminations 2 vols., 4to, half morocco, 25 00 

Vol.11 4to, 7 50 

Gilbert's De magnete. (Mottelay.) 8vo, 2 50 

Holman's Precision of Measurements. 8vo, 2 00 

" Telescope-mirror-scale Method Large 8vo, 75 

L5b's Electrolysis and Electrosynthesis of Organic Compounds. 

(Lorenz.) ....12mo, 1 00 

♦Michie's Wave Motion Relating to Sound and Light, 8vo, 4 00 

Morgan's The Theory of Solutions and its Results 12mo, 1 00 

Niaudet's Electric Batteries. (Fishback. ) 12mo, 2 50 

Pratt and Alden's Street-i*ailway Road-beds 8vo, 2 00 

Reagan's Steam and Electric Locomotives 12mo, 2 00 

'Thurston's Stationary Steam Engines for Electric Lighting Pur- 
poses ". 8vo, 2 50 

♦Tillman's Heat 8vo. 1 50 
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ENGINEERING. 

Civil — Mechanical — Sanitary, Etc. 

(See also Bbidges, p. 4; Hydraulics, p. 9; Materials of En- 
gineering, p. 10; Mechanics and Machinery, p. 12 ; Steam 
Engines and Boilers, p. 14.) 

Baker's Masonry Construction 8vo, $5 00 

** Surveying Instruments 12mo, 3 00 

Black's U. S. Public Works Oblong 4to, 5 00 

Brooks's Street-railway Location 16mo, morocco, 1 50 

Butts's Civil Engineers' Field Book '. 16mo, morocco, 2 50 

Byrne's Highway Construction 8vo, 5 00 

'* Inspection of Materials and Workmanship 16mo, 8 00 

Carpenter's Experimental Engineering 8vo, 6 00 

Church's Mechanics of Engineering— Solids and Fluids Svo, 6 00 

** Notes and Examples in Mechanics Svo, 2 00 

Crandall's Earthwork Tables : Svo, 1 50 

• ' The Transition Curve 16mo, morocco, 1 50 

* Dredge's Penn. Railroad Construction, etc. Large 4to, 

half morocco, 20 00 

* Drinker's Tunnelling 4to, half morocco, 25 00 

Eissler's Explosives — Nitroglycerine and Dynamite Svo, 4 00 

Polwell's Sewerage Svo, 3 00 

Fowler's Coffer-dam Process for Piers Svo. 2 50 

Gerhard's Sanitary House Inspection 12mo, 1 00 

Godwin's Railroad Engineer's Field-book 16mo, morocco, 2 50 

Gore's Elements of Geodesy Svo, 2 50 

Howard's Transition Curve Field-book 16mo, morocco, 1 50 

Howe's Retaining Walls (New Edition.) 12mo, 1 25 

Hudson's Excavation Tables. Vol. II Svo, 1 00 

Hutton's Mechanical Engineering of Power Plants Svo, 5 00 

Johnson's Materials of Construction Large Svo, 6 00 

Stadia Reduction Diagram. .Sheet, 22i X 2Si inches, 50 

Theory and Practice of Surveying Small Svo, 4 00 

Kent's Mechanical Engineer's Pocket-book 16mo, morocco, 5 00 

Kiersted's Sewage Disposal .12mo, 1 25 

Mahan's Civil Engineering. (Wood.) Svo, 5 00 

Merriman and Brook's Handbook for Surveyors. . . 46mo, mor., 2 00 

Merriman's Gteodetic Surveying Svo, 2 00 

Retaining Walls and Masonry Dams Svo, 2 00 

Sanitary Engineering Svo, 2 00 

Nagle's Manual for Railroad Engineers 16mo, morocco, 3 00 

Ogden's Sewer Design. {In the press.) 

Fatten 's Civil Engineering Svo, half morocco, 7 50 

S 









Patton's Foundations 8vo, |5 00 

Pratt and Alden's Street-railway Road-beds. 8vo, 2 00 

Rockweirs Roads and Pavements in France 12mo, 1 25 

Searles's Field Engineering 16mo, morocco, 8 00 

" Railroad Spiral 16mb, morocco, 1 60 

Siebert and Biggin's Modem Stone Cutting and Masonry. . .8yo, 1 50 

Smart's Engineering Laboratory Practice 12mo, 2 50 

Smith's Wire Manufacture and Uses Small 4to, 8 00 

Spalding's Roads and Pavements 12mo, 2 00 

'* Hydraulic Cement 12mo, 2 00 

Taylor's Prismoidal Formulas and Earthwork 8vo, • 1 50 

Thurston's Materials of Construction 8vo, 5 00 

* Trautwine's Civil Engineer's Pocket-book 16mo, morocco, 5 00 

* ** Cross-section Sheet, 25 

* *' Excavations and Embankments 8vo, 2 00 

* '* Laying Out Curves 12mo, morocco, 2 50 

Waddell's De Pontibus (A Pocket-book for Bridge Engineers). 

16mo, morocco, 8 00 

Wait's Engineering and Architectural Jurisprudence 8vo, 6 00 

Sheep, 6 50 

" Law of Field Operation in Engineering, etc 8vo. 

Warren's Stereotomy — Stone-cutting 8vo, 2 50 

*Webb's Engineering Instruments 16mo, morocco, 50 

New Edition 1 25 

Wegmann's Construction of Masonry Dams 4to, 5 00 

Wellington's Location of Railways Small 8vo, 5 00 

Wheeler's Civil Engineering 8vo, 4 00 

Wolff's Windmill as a Prime Mover 8vo, 8 00 



HYDRAULICS. 

Watek- WHEELS— Windmills—Service Pipe— Drainage, Etc. 

(See also Engineering, p. 7. ) 

Bazin's Experiments upon the Contraction of the Liquid Vein. 

(Trautwine.) 8vo, 2 00 

Bovey's Treatise on Hydraulics 8vo, 4 00 

Coffin's Graphical Solution of Hydraulic Problems 12mo, 2 50 

Ferrel's Treatise on the Winds, Cyclones, and Tornadoes. . .8vo, 4 00 

Fuertes's Water and Public Health 12mo. 1 50 

Ganguillet & Eutter's Flow of Water. (Hering & Trautwine.) 

8vo, 4 00 

Hazen's Filtration of Public Water Supply 8vo, 2 00 

Herschel's 115 Experiments 8vo, 2 00 
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Kiersted's Sewage Disposal 12mo, f 1 35 

Mason's Water Supply 8vo, 5 00 

" Examination of Water 12mo, 1 25 

Merriman's Treatise on Hydrauliqs 8vo, 4 00 

Kichois's Water Supply (Chemical and Sanitary) 8vo, 2 50 

Wegmann's Water Supply of the City of New York 4to, 10 00 

Weisbach's Hydraulics. (Du Bois.) 8vo, 5 00 

Whipple's Microscopy of Drinking Water 8vo, 8 50 

Wilson's Irrigation Engineering 8vo, 4 00 

'* Hydraulic and Placer Mining .12mo, 2 00 

Wolff?s Windmill as a Prime Mover 8vo, 8 00 

Wood's Theory of Turbines 8vo, 2 50 

MANUFACTURES. 

Boilers— Explosivbb—Ibon — Steel— Sugar — Woollens, Etc. 

Allen's Tables for Iron Analysis 8vo, 8 00 

Beaumont's Woollen and Worsted Manufacture 12mo, 1 50 

BoUand's Encyclopaedia of Founding Terms .... 12mo, 8 00 

The Iron Pounder 12mo, 2 50 

** " '* " Supplement 12mo, 2 50 

Bouvier's Handbook on Oil Painting 12mo, 2 00 

Eissler's Explosives, Nitroglycerine and Dynamite 8vo, 4 00 

Fodr's Boiler Making for Boiler Makers 18mo, 1 00 

Metcalfe's Cost of Manufactures 8vo, 5 00 

Metcalf 's Steel— A Manual for Steel Users 12mo, 2 00 

* Reisig's Guide to Piece Dyeing 8vo, 25 00 

Spencer's Sugar Manufacturer's Handbook . . . .16mo, morocco, 2 00 
*' Handbook for Chemists of Beet Sugar Houses. 

16mo, morocco, 8 00 

Thurston's Manual of Steam Boilers 8vo, • 5 00 

Walke's Lectures on Explosives 8vo. 4 00 

West's American Foundry Practice 12mo, 2 50 

** Moulder's Text-book 12mo, 2 50 

Wiechmann's Sugar Analysis Small 8vo, 2 50 

Woodbury's Fire Protection of Mills 8vo, 2 50 

MATERIALS OP ENGINEERING. 

Strength — ^Elasticity — Resistance, Etc. 
{See also Engineering, p. 7.) 

Baker's Masonry Construction 8vo, 5 00 

Beardslee and Kent's Strength of Wrought Iron 8vo, 1 50 

Bovey's Strength of Materials 8vo, 7 50 

Burr's Elasticity and Resistance of Materials 8yo, 5 00 

Byrne's Highway Construction 8vo, 5 00 
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Church's Mechanics of EngineeriDg — Solids and Fluids 8vo, $6 00 

Du Bois's Stresses in Framed Structures Small 4to, 10 00 

Johnson's Materials of Construction ; 8vo, 6 00 

Lanza's Applied Mechanics 6vo, 7 50 

Martens's Materials. (Henning. ) 8vo. {In the press.) 

MeiTill's Stones for Building and Decoration 8vo, 5 00 

Merriman's Mechanics of Materials 8yo, 4 00 

Strength of Materials 12mo, 1 00 

Patton's Treatise on Foundations 8vo, 6 00 

Rockwell's Roads and Pavements in France 12mo, 1 25 

Spalding's Roads and Pavements 12mo, 2 00 

Thurston's Materials of Construction 8vo, 5 00 

Materials of Engineering 3 vols., 8vo, 8 00 

Vol. L, Non-metallic 8vo, 2 00 

Vol. II.. Iron and Steel 8vo, 8 50 

Vol. III., Alloys, Brasses, and Bronzes 8vo, 2 60 

Wood's Resistance of Materials 8vo, 2 00 

MATHEMATICS. 

Calculus— GBOiiBTBY—TBiGONOMETRY, Etc. 

Baker's Elliptic Functions 8vo, 1 60 

Ballard's Pyramid Problem 8vo, 1 50 

Barnard's Pyramid Problem 8vo, 1 60 

♦Bass's Differential Calculus 12mo, 4 00 

Briggs's Plane Analytical (Geometry 12mo, 1 00 

Chapman's Theory of Equations 12mo, 1 60 

Comptou's Logarithmic Computations 12mo, 1 60 

Davis's Introduction to the Logic of Algebra 8vo, 1 50 

Halsted's Elements of Geometry c..8vo, 1 75 

" Synthetic Geometry...: 8vo, 1 50 

Johnson's Curve Tracing 12mo, 1 00 

" Differential Equations — Ordinary and Partial. 

Small 8vo, 8 60 

** Integral Calculus 12mo, 160 

•• " " Unabridged. Small 8vo. 

(Iri the press,) 

** Least Squares 12mo, 1 50 

♦Ludlow's Logarithmic and Other Tables. (Bass.) 8vo, 2 00 

* • ' Trigonometry with Tables. (Bass. ) 8vo, 8 00 

♦Mahan's Descriptive Geometry (Stone Cutting) 8vo, 1 50 

Merriman and Woodward's Higher Mathematics 8vo, 5 00 

Merriman's Method of Least Squares 8vo, 2 00 

Parker's Quadrature of the Circle 8vo, 2 50 

Rice and Johnson's Differential and Integral Calculus, 

2 vols, in 1, small 8vo, 2 50 
11 
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Rice aDd Johnson's Differential Calculus Small 8yo, $8 00 

'* Abridgment of Differential Calculus. 

Small 8yo, 1 50 

Totten's Metrology 8vo, 2 50 

Warren's Descriptive (Geometry 2 vols., 8vo, 8 50 

Drafting Instruments 12mo, 1 25 

Free-hand Drawing 12mo, 1 00 

** Higher Linear Perspective *. 8vo, 8 50 

Linear Perspective 12mo, 1 00 

Primary Geometry 12mo, 75 

Plane Problems. . .' 12mo, 1 26 

** Problems and Theorems 8vo, 2 50 

*' Projection Drawing 12mo, 1 50 

Wood's Co-ordinate Geometry 8vo, 2 00 

" Trigonometry 12mo, 100 

Woolf s Descriptive Geometry Large 8vo, 8 00 

MECHANICS-MACHINERY. 

Tbxt-books and Practical Works. 

{See aUo ENGiHBBRiNGh, p. 7.) 

Baldwin's Steam Heating for Buildings 12mo, 2 50 

Benjamin's Wrinkles and Recipes 12mo, 2 00 

Chordal's Letters to Mechanics 12mo, 2 00 

Church's Mechanics of Engineering 8vo, 6 00 

" Notes and Examples in Mechanics 8vo, 2 00 

Crehoi-e's Mechanics of the Girder 8vo, 5 00 

Cromwell's Belts and Pulleys 12mo, 1 50 

Toothed Gearing 12mo. 1 50 

Compton's First Lessons in Metal Working .12mo, 1 50 

Compton and De Groodt's Speed Lathe 12mo, 1 50 

Dana's Elementary Mechanics 12mo, 1 50 

Dingey's Machinery Pattern Making. .12mo, 2 00 

Dredge's Trans. Exhibits Building, World Exposition. 

Large 4to, half morocco, 10 00 

Du Bois's Mechanics. Vol. I., Kinematics 8vo, 8 50 

Vol. II., Statics 8vo, 4 00 

Vol. III., Kinetics 8vo, 8 50 

Fitzgerald's Boston Machinist 18mo, 1 00 

Flather's Dynamometers 12mo, 2 00 

Rope Driving 12mo. 2 00 

Hall's Car Lubrication 12mo, 1 00 

Holly's Saw Filing 18mo, 75 

Johnson's Theoretical Mechanics. An Elementary Treatise 
{In the press.) 

Jones's Machine Design. Part I., Kinematics 8yo, 1 60 
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Jones's Machine Design. Part II. , Strength and Proportion of 

Machioe Parts 8vo, |8 00 

Lanza's Applied Mechanics 8vo, 7 50 

MacCord's Kinematics 8yo, 5 00 

Merriman's MechaDics of Materials 8vo, 4 00 

Metcalfe's Cost of Manufactures 8vo, 5 00 

*Michie's Analytical Mechanics 8vo, 4 00 

Richards's Compressed Air 12mo, 1 60 

Robinson's Principles of Mechanism 8vo, 8 00 

Smith's Press- working of Metals 8vo, 8 00 

Thurston's Friction and Lost Work 8vo, 8 00 

" The Animal as a Machine 12mo, 1 00 

Warren's Machine Construction 2 vols., 8vo, 7 50 

Weisbach's Hydraulics and Hydraulic Motors. (Du Bois.)..8yo, 5 00 
** Mechanics of Engineering. Vol. III.. Part I., 

Sec. L (Klein.) 8vo, 5 00 

Weisbach's Mechanics of Engineering. Vol. III., Part I., 

8ec.IL (Klein.) 8vo, 6 00 

Weisbach's Steam Engines. (Du Bois.) 8yo, 6 00 

Wood's Analytical Mechanics 8vo, 8 %0 

Elementary Mechanics 12mo, 1 26 

Supplement and Key 12mo. 1 26 
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METALLURGY, 

Ibon— Gold— Silver— Alloys, Etc. 

Allen's Tables for Iron Analysis 8vo, 8 00 

Egleston'c Gold and Mercury Large 8vo, 7 60 

" Metallurgy of Silver Large 8vo, 7 60 

* Kerl's Metallurgy — Copper and Iron. .8vo, 16 00 

* ** *' Steel, Fuel, etc 8vo, 16 00 

Kunbardt's Ore Dressing in Europe 8vo, 1 60 

Metcalf 's Steel— A Manual for Steel Users ..12mo, 2 00 

O'Driscoll's Treatment of Gold Ores 8vo. 2 00 

Thurston's Iron and Steel 8vo, 8 60 

Alloys 8vo, 2 60 

Wilson's Cyanide Processes 12mo, 1 60 

MINERALOGY AND MINING. 

MiKB Accidents— Ventilation— Obb Dbbssing, Etc. 

Barringer's Minerals of Commercial Value. . . .Oblong morocco, 2 60 

Beard's Ventilation of Mines 12mo, 2 50 

Boyd's Resources of South Western Virginia 8vo, 8 00 

" Map of South Western Virginia Pocket-book form, 2 00 
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Brush and Penfield's Determinative Mineralogy. New Ed. 8yo, $i 00 

Chester's Catalogue of Minerals 8vo, 1 25 

Paper, 50 

** Dictionary of the Names of Minerals 8vo, 8 00 

Dana's American Localities of Minerals Large 8vo, 1 00 

Descriptive Mineralogy. (E. S.) Large half morocco, 12 50 

Mineralogy and Petrography. (J. D.) 12mo, 2 00 

Minerals and How to Study Them. (E. S.). 12mo, 1 50 

Text-book of Mineralogy. (E. S.).. .New Edition. 8vo, 4 00 

* Drinker's Tunnelling, Explosives, Compounds, and Rock Drills. 

4to, half morocco, 25 00 

Egleston's Catalogue of Minerals and Synonyms 8vo, 2 50 

Eissler's Explosives — Nitroglycerine and Dynamite 8vo, 4 00 

Hussak's Rock forming Minerals. (Smith.) Small 8vo, 2 00 

Ihlseng's Manual of Mining 8vo, 4 00 

Kunhardt's Ore Dressing in Europe 8vo, 1 50 

O'Driscoll's Treatment of Gold Ores 8vo, 2 00 

* Penfield's Record of Mineral Tests Paper, 8vo, 50 

Rosenbusch's Microscopical Physiography of Minerals and 

Rocks. (Iddings.) 8vo, 5 00 

Sawyer's Accidents in Mines Large 8vo, 7 00 

Stockbridge's Rocks and Soils 8vo, 2 50 

Walke's Lectures on Explosives 8vo, 4 00 

Williams's Lithology 8vo, 8 00 

Wilson's Mine Ventilation 12mo, 1 25 

Hydraulic and Placer Mining 12mo, 2 50 
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STEAM AND ELECTRICAL ENGINES, BOILERS, Etc. 

Stationary— Marine— Locomotive — Gas Engines, Etc. 

{See also Engineering, p. 7.) 

Baldwin's Steam Heating for Buildings 12mo, 2 50 

Clerk's Gas Engine Small 8vo, 4 00 

Ford's Boiler Making for Boiler Makers 18mo, 1 00 

Hemenway's Indicator Practice 12mo, 2 00 

Hoadley's Warm-blast Furnace 8vo, 1 50 

Kneass's Practice and Theory of the Injector 8vo, 1 50 

MacCord's Slide Valve .- 8vo, 2 00 

Meyer's Modern Locomotive Construction 4to, 10 00 

Peabody and Miller's Steam-boilers 8vo, 4 00 

Peabody's Tables of Saturated Steam 8vo, 1 00 

Thermodynamics of the Steam Engine 8vo, 5 00 

Valve Gears for the Steam Engine 8vo, 2 50 

Pray's Twenty Years with the Indicator Large 8vo, 2 50 

Pupin and Osterberg's Thermodynamics 12mo. 1 25 
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Reagan's Steam and Electric Locomotiyes 12mo, $2 00 

BOntgen's Thermodynamics. (Du Bois. ) 8yo, 5 00 

Sinclair's Locomotiye Running 12mo, 2 00 

Snow's Steam-boiler Practice 8vo. {In the press.) 

Thurston's Boiler Explosions 12mo, 1 50 

Engine and Boiler Trials 8vo, 5 00 

Manual of the Steam Engine. Part I., Structure 

and Theory 8vo, 6 00 

Manual of the Steam Engine. Part II., Design, 

Construction, and Operation 8vo, 

2 parts, 

Thurston's Philosophy of the Steam Engine 12mo, 

** Reflection on the Motive Power of Heat. (Carnot.) 

12mo, 

Stationary Steam Engines « . .8vo, 

Steam-boiler Construction and Operation 8yo, 

Spangler's Valve Gears 8vo, 

Weisbach's Steam Engine. (Du Bois.) 8vo, 

Whitham's Constructive 'Steam Engineering 8vo, 

*• Steam-engine Design 8vo, 

Wilson's Steam Boilers. (Plather.) '. . 12mo, 

Wood's Thermodynamics, Heat Motors, etc 8vo, 

TABLES, WEIGHTS, AND MEASURES. 

For Actuaries, Chemists, Engineers, Mechanics—Metric 

Tables, Etc. 

Adriance's Laboratory Calculations 12mo, 1 25 

Allen's Tables for Iron Analysis 8vo, 3 00 

Bixby's Graphical Computing Tables Sheet, 25 

Compton's Logarithn s 12mo, 1 50 

Crandall's Railway and Earthwork Tables 8vo, 1 50 

Egleston's Weights and Measures 18mo, 75 

Fisher's Table of Cubic Yards Cardboard, 25 

Hudson's Excavation Tables. Vol. II 8vo, 1 00 

Johnson's Stadia and Earthwork Tables 8vo, 1 25 

Ludlow's Logarithmic and Other Tables. (Bass.) 12mo, 2 00 

Totten's Metrology 8vo, 2 50 

VENTILATION. 

Steam Heating — House Inspection — Mine Ventilation. 

Baldwin's Steam Heating 12mo, 2 50 

Beard's Ventilation of Mines 12mo, 2 50 

Carpenter's Heating and Ventilating of Buildings 8vo, 3 00 

Gerhard's Sanitary House Inspection 12mo, 1 00 

Reid's Ventilation of American Dwellings 12mo, 1 50 

Wilson's Mine Ventilation. 12mo, 1 25 
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MISCELLANEOUS PUBUCATI0N5. 

Alcott's Gems, Sentiment, Language Gilt edges, f^ 00 

Bailey's The New Tale of a Tub 8vo, 75 

Ballard's Solution of the Pyramid Problem Svo, 1 50 

Barnard's The Metrological System of the Great Pyramid. .8vo, 1 50 

Davis's Elemente of Law Svo, 2 00 

Emmon's Geological Guide-book of the Rocky Mountains. .8vo, 1 50 

Ferrel's Treatise on the Winds Svo, 4 00 

Haines's Addresses Delivered before the Am. By. Assn. ..12mo. 2 50 

Mott's The Fallacy of the Present Theory of Sound . . Sq. 16mo, 1 00 

Perkins's Cornell University Oblong 4to, 1 50 

Ricketts's History of Rensselaer Polytechnic Institute Svo, 3 00 

Rothcrham's The New Testament Critically Emphasized. 

12mo, 1 50 
** The Emphasized New Test. A new translation. 

Large Svo, 2 00 

Totten's An Important Question in Metrology Svo, 2 50 

Whitehousc's Lake Moeris Paper, 25 

* Wiley's Yosemite, Alaska, and Yellowstone , 4to, 3 00 

HEBREW AND CHALDEE TEXT-BOOKS. 

For Schools and Theological Seminaries. 

Oesenius's Hebrew and Chaldee Lexicon to Old Testament. 

(Tregelles.) Small 4to, half morocco, 5 00 

Green's Elementary Hebrew Grammar 12mo, 1 25 

Grammar of the Hebrew Language (New Edition). Svo, 8 00 

Hebrew Chrestomathy Svo, 2 00 

Letteris's Hebrew Bible (Massoretic Notes in English). 

Svo, arabesque, 2 25 

MEDICAL. 

Bull's Maternal Management in Health and Disease 12mo, 1 00 

Hammarsten's Physiological Chemistry. (Mandel.) Svo, 4 00 

Mott's Composition, Digestibility, and Nutritive Value of Food. 

Large mounted chart, 1 25 

Ruddiman's Incompatibilities in Prescriptions .Svo, 2 00 

Steel's Treatise on the Diseases of the Ox Svo, 6 00 

'* Treatise on the Diseases of the Dog Svo, 8 50 

Woodhuirs Military Hygiene 16mo, 1 50 

Worcester's Small Hospitals — Establishment and Maintenance, 
including Atkinson's Suggestions for Hospital Archi- 

tecture 12mo, 1 25 
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